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PREFACE 


In  recent  years  there  has  been  a  significant  increase  in  the  effort  of  developing  process  models  for  aerospace  materials. 
Many  factors  have  been  responsible  for  this.  Aerospace  materials  technology  is  changing  very  rapidly  with  the  introduction  of 
expensive  and  sophisticated  materials.  In  addition  the  shorter  life  cycle  from  design  to  application  is  inconsistent  with  the 
traditional  trial-and-error  approaches  formerly  used. 

The  AGARD  Structures  and  Materials  Panel  ^)ecialists'  Meeting  on  Aerospace  Materials  Process  Modelling  was 
organized  to  assess  how  developments  in  analytical  process  modelling  can  both  lower  costs  and  increase  reliability  in 
manufacture  of  components;  to  review  recent  work  in  this  field;  and  to  identify  directions  for  fiiture  research.  The  meeting 
limited  its  discussions  to  modelling  the  behaviour  of  metallic  materials,  and  in  panicuiar  the  forming  of  components  such  as 
castings  and  forgings. 


Dr  Gary  L.Denman 
Chairman,  Sub-Committee  on 
Aerospace  Materials  Process  Modelling 


L’effort  de  developpement  consacre  a  la  modelisation  des  precedes  d'elaboration  des  materiaux  aerospatiaux  s'est 
accentue  sensiblement  au  cours  des  dernieres  annees.  Plusieurs  facteurs  sont  a  I’origine  de  cette  tendance.  La  technologie  des 
materiaux  aerospatiaux  est  en  pleine  evolution,  suite  h  I’arrivee  sur  le  marche  de  materiaux  sophistiquK  et  de  cout  eleve.  En 
outre,  le  raccourcissement  du  cycle  entre  la  conception  et  I'application  ne  correspond  plus  aux  methodes  classiques  par 
approches  iteratives  employees  dans  le  passe. 

Une  reunion  de  sp^alistes  du  Panel  AGARD  des  Structures  et  Mat^taux  portant  sur  la  modelisation  des  proc^es 
d'elaboration  des  matdriaux  aerospatiaux  fut  organisee.  EUe  avait  pour  but  d'evaluer  dans  quelle  mesure  les  developpements 
dans  le  domaine  de  la  modelisation  analytique  pouvaient,  d’une  part,  amener  une  diminution  de  cout  de  fabrication  des 
composants,  et  d'autre  part,  une  meilleur  fiabilifa,  de  passer  en  revue  les  realisations  recents  dans  ce  domaine  et  d'indiquer  des 
futures  voies  de  recherche. 

Les  discussions  furent  limitres  h  la  modelisation  due  comportement  des  materiaux  metalliques  dans  un  environnement 
doime,  et  notamment  le  formage  de  composants  tels  que  les  pieces  moulees  et  les  pi^es  forg^. 

Dr  Gary  L.Denman 
Chairman,  Sub-Committee  on 
Aerospace  Materials  Process  Modelling 
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PROCESSING  SCIENCE  AND  MATERIALS  DEVELOPMENT 
Harold  L.  Gegel 

Air  Force  Systems  Command,  Aeronautical  Systems  Division 
Air  Force  Wright  Aeronautical  Laboratories/Materials  Laboratory  (AFWAL/MLLM) 
Wright-Patterson  Air  Force  Base,  Ohio  45433-6503  USA 


SUMMARY 

« 

The  development  of  advanced  technologies  for  the  fabrication  of  close-tolerance 
parts,  in  conjunction  with  the  development  of  advanced  materials,  plays  a  key  role  in  the 
design  and  manufacturing  of  affordable  aerospace  systems.  New  process  and  product-design 
concepts  must  be  evolved  in  parallel  with  the  development  of  advanced  materials  for 
future  syst^s  in  order  to  exploit  the  achievements  being  made  in  materials  science  and 
to  tailor  specific  properties  while  simultaneously  producing  controlled  geometrical 
shapes.  A  scientific  description  of  production  equipment  and,  in  general,  physical 
objects,  media,  fields,  and  interface  and  material-related  phenomena  requires  theoretical 
models  which  are  capable  of  predicting  the  response  of  the  fabricating  system  to  the 
initial  inputs.  The  design  of  a  product  and  the  corresponding  manufacturing  process  gen¬ 
erally  requires  both  deterministic  models  and  expert  syst^s  which  utilize  designer 
intuition  and  logic  in  finding  acceptable  solutions.  This  paper  reviews  some  of  the 
recent  developments  in  process  modeling  as  related  primarily  to  metalworking  systems  and 
how  they  aid  in  the  understanding  of  the  role  of  computer  and  human  expertise  in  modern 
computer-aided  engineering  (CAE) . 


INTRODUCTION 

A  technological  revolution  is  in  progress  throughout  the  industrial  world.  Many 
corporations  are  implementing  the  just-in-time  production  philosophy  which  emphasizes  the 
total  life-cycle  costs  of  the  system  and  its  components.  Manufacturing  is  moving  toward 
a  flexible  environment  wherein  many  different  products  can  be  made  on  the  same  day  to 
customer  order,  eliminating  expensive  inventory.  This  concept  offers  a  dual  advantage-- 
the  ability  to  produce  according  to  need  %diile  reducing  industry  costs. 

The  ultimate  flexible  factory  is  not  yet  a  reality.  Creating  this  factory  requires 
full  understanding  of  how  to  integrate  new  technology  into  the  particular  manufacturing 
enterprise.  The  cornerstone  of  this  understanding  is  an  organized  and  comprehensive 
design  system  along  with  a  methodology  which  makes  it  relatively  easy  for  a  designer  to 
search  for  solution  principles  during  the  conceptual  stage  of  design. 

In  the  search  for  solutions  and  in  the  analysis  of  system  properties,  it  is  often 
useful  to  create  a  model  of  the  system  for  studying  its  behavior  by  means  of  computer 
simulation  or  physical-modeling  techniques.  These  design  methodologies  frequently  lead 
to  new  sub-solutions  and  the  introduction  of  early  optimizations.  One  of  the  important 
goals  of  any  manufacturing  organization  is  to  determine  the  optimum  means  for  producing 
defect-free  parts  on  a  repeatable  basis.  The  optimization  criteria  vary  depending  upon 
the  manufacturing  goals,  the  overall  system  requirements,  and  the  product  specifications. 
Establishing  appropriate  criteria  requires  in-depth  views — global  and  local — of  manufac¬ 
turing  processes.  From  an  optimization  point  of  view,  manufacturing  processes  require  a 
determination  of  the  material-flow  mechanics  for  achieving  a  proper  process  design  and 
developing  a  rational  strategy  for  process  control. 

Flexible  manufacturing  requirements  are  forcing  manufacturing  technologists  to  seek 
a  scientific  description  of  mechanics,  physical  objects,  media,  fields,  and  interface  and 
material  phenomena  in  order  to  simulate  the  entire  manufacturing  process  in  the  computer 
and  obtain  near-optimal  solutions  for  producing  the  required  product  qualities.  The 
objective  is  to  avoid  costly  build-and-test  design  on  the  shop  floor,  which  prevents  the 
use  of  manufacturing  equipment  and  eliminates  flexibility. 

Mathematical  modeling  of  physical  space-time  phenomena  is  the  foundation  of  any 
theoretical  interpretation  of  a  given  manufacturing  process,  and  heuristic  modeling  or 
artificial  intelligence  (AI)  makes  it  possible  to  handle  the  fuzzy  domains  of  manufactur¬ 
ing  which  require  human  judgement  for  decision  making. 

The  incorporation  of  theoretically  and  physically  correct  notions  into  a  model  of  a 
unit  process  must  be  linked  to  laboratory  tests  on  physical  scale  models  as  well  as  to 
special  observations  on  natiiral  phenomena  in  the  production  environment.  Building  a 
model  means  establishing  a  complete  set  of  relationships  suitable  for  describing  a  broad 
class  of  operations  such  as  conventional  forging,  hot  die  forging,  precision  forging,  and 
isothermal  forging,  which,  as  a  rule,  are  inhomogeneous  and  transient  over  a  large  volume 
of  workpiece  material. 

In  such  a  general  formulation,  experience,  common  sense,  and  intuition  can  aid  in 
supplying  the  minimally  necessary  mathematical  and  physical  assumptions.  Different  types 
of  models  and  knowledge  are  required  for  describing  the  domain  of  design  and  manufac¬ 
turing. 
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TYPES  OF  MODELS 

Three  general  types  of  models  required  for  linking  design  with  manufacturing  are 

•  Domain  Independent  -  Meta  Syst^s 

•  Domain  Dependent  *  Knowledge-Based  Expert  Systeois 

•  Determiniatic  -  Mathematical  Models 

Meta  Systems 

Meta-system  models  can  also  be  thought  of  as  meta-knowledge  models — which  are  models 
of  knowledge  about  knowledge.  Meta-system  knowledge  (1-2)  can  be  procedural,  judgmental, 
or  both.  It  directs  the  processing  of  factual  knowledge,  procedural  knowledge  (algo¬ 
rithms,  operations) ,  and  judgement  knowledge  (heuristics,  beliefs) .  Meta-knowledge  mod¬ 
els  have  the  ability  to 

e  Control  pattern-directed  actions 

•  Exhibit  dynamic,  self-modifying  flexible  behavior 

e  Anticipate  unexpected  developments 

•  Deal  with  uncertainties  (fussy  knowledge) 

•  Utilise  open-ended  solution  space 

•  Control  the  "explosion"  of  information  created  by 
engineering  design  tools 

Knowledge  used  in  engineering  design  and  manufacturing,  in  general,  is  not  uniform 
in  kind  or  applicability.  It  may  be  very  high  level  knowledge  as  In  the  conceptual 
stages  of  design  where  the  engineer  is  presented  with  differing  and  often  conflicting 
options,  particularly  between  requirements  related  to  disparate  goals  such  as  maintain¬ 
ability,  reliability,  performance  and  producibility.  Chandrasekaran  (3)  has  categorized 
this  type  of  knowledge  as  creative  knowledge.  Engineers  use  creative  knowledge  to  accom¬ 
plish  such  tasks  as  defining  tKe  minimum  physical  assumptions  necessary  for  creating  a 
mathematical  model  of  a  given  unit  process,  evaluating  initial  design  options,  and  ini¬ 
tiating  a  new  production  line.  Other  classes  of  knowledge  defined  by  Chandrasekaran 
include  innovative  knowledge,  which  is  not  so  general  as  creative  knowledge  but  still 
involves  considerable  decision  making,  and  routine  )cnowledqe,  which  is  knowledge  enabling 
engineers  to  perform  the  daily  tasks  of  engineering  and  manufacturing. 

Meta-system-information  models  are  essential  for  making  use  of  the  overlapping  types 
of  engineering  design  knowledge  in  a  cooperative  way.  In  summary,  meta  systems  organize 
information,  automatically  propagate  information,  dynamically  change  data  bases,  facili¬ 
tate  incremental  design,  provide  immediate  feedback  of  potential  errors,  monitor  and 
control  the  design  process,  provide  instantaneous  visibility  of  information,  provide  a 
uniform  user  Interface  to  design  tools  and  knowledge,  and  automatically  record  informa¬ 
tion. 


Knowledge-Based  Expert  Systems 

Knowledge-Based  Expert  Systems  (KBES)  are  applications-oriented  or  domain-dependent 
models  (2) .  Expert  programs  generally  emlK>dy  the  knowledge  of  more  than  one  expert  in 
the  particular  field,  and  they  are  constructed  in  consultation  with  these  experts. 
Knowledge  engineers  (computer  scientists)  mediate  in  the  modeling  of  information  from 
various  experts  (engineers,  technologists).  RbeS,  a  sub-discipline  of  artificial  intel¬ 
ligence  (Al),  have  been  in  various  stages  of  development  for  over  30  years.  Some  are  now 
being  usea  consultative  aystems  in  che  areas  cf  geology,  medicine,  engineering,  and 
c<MRputer  science  (2) .  These  systems  offer  great  promise  in  the  area  of  CAD/CAM/CAE  tech¬ 
nologies  for  increasing  the  productivity  of  engineers  and  for  raising  engineering  design 
to  a  new  paradigm.  A  representative  sample  of  XBES  systems  currently  in  use  can  be  found 
in  The  Handbook  of  Artificial  Intelligence  (2),  and  a  partial  list  of  expert  systems  now 
being  used  by  U.  manufacturing  inoustrles  is  given  in  a  paper  by  King,  Brooks,  and 
Schaefer  (4). 


Mathematical  Models 


Engineering  design  is  based  on  utilizing  a  number  of  concepts  which  describe  the 
general  characteristics  of  the  object  (part,  assembly,  system)  and  phenomena  such  as 
chemical  reactions,  material  flow,  heat  flow,  vibration,  and  turbulence  in  various  media. 
These  phenomena  are  presented  as  mathematical  abstractions  or  models.  They  are  developed 
through  the  use  of  intuition,  common  sense,  and  experience  by  means  of  axioms,  formulas, 
and  various  mathematical  relations  that  enable  the  researcher  or  engineer,  at  least  in 
principle,  to  determine  the  characteristics  of  the  phenomena  by  means  of  logically  devel¬ 
oped  operations,  experimental  observations,  or  a  combination  of  these. 

Manufacturing  and  design  problems  are  formulated,  described,  and  8ol''ed  by  introduc¬ 
ing  models  which  reflect  the  basic  and  important  properties  of  the  substance  (workpiece 
material)  and  unit  process  (forging,  extrusion,  injection  molding).  A  number  of  basic 
concepts  are  introduced  axioraatically  as  primary  and  others  as  secondary  or  derived  con¬ 
cepts  expressed  in  certain  ways  through  the  primary  relationships.  Among  the  primary 
relationships  described  mathematically  are 


•  Force  Equilibria 

e  M^entum  Balance 

e  Energy  Balance 

•  Conservation  of  Hass  or  Volume 

•  Continuity 

•  Material  Flow  Laws 

Secondary  concepts  such  as  a  the  intrinsic  workability  of  the  material  can  be  incor* 
porated  as  a  non-holonomlc  constraint  or  inequality  of  certain  process  parameters  such  as 
strain  rate  (die  velocity)  and  die/workpiece  temperatures. 

For  full  modeling  of  a  manufacturing  process,  a  systems  approach  must  be  used,  as 
shown  in  Fig.  1.  As  indicated  in  this  figure,  models  describing  the  equipment  character- 
tics,  the  material  system,  and  the  process-control  system  are  required  for  satisfying  the 


CONSTITUTIVt 

EQUATION 


MODEL 


Figure  1  -  Schematic  Representation  of  Systems  Approach. 


manufacturing  specifications.  Given  the  existence  of  models  for  the  process  equipment 
and  its  control  system,  material  models  known  as  constitutive  equations  are  required  for 
providing  the  additional  knowledge  needed  for  making  the  physical  and  mathematical  link 
between  these  systems.  The  material-behavior  models,  i.e.,  the  constitutive  equation  and 
dynamic  material  model  (intrinsic  workability),  must  be  determined  experimentally.  These 
models  express  how  the  wrrkpiece  material  responds  to  the  demands  of  the  process,  while 
the  model  based  on  a  continuum-mechanics  description  of  the  unit  process  descrili^s  the 
demands  of  the  process.  Thus,  the  component  models  of  the  various  sub-systems  are  com¬ 
bined  into  an  overall  simulation  model  for  establishing  the  optimum  processing  conditions 
needed  to  satisfy  the  goals  of  the  manufacturing  and  product  specifications. 


INTERREIATIONS  BETWEEN  THE  VARIOUS  MODELS 

Because  the  knowledge  required  for  making  manufacturing  decisions  varies  both  in 
type  and  application,  the  three  different  types  of  models  previously  described  must  be 
used  in  cooperation  for  designing  and  intelligently  operating  an  actual  manufacturing 
system.  Figure  2  shows  the  relationship  between  the  different  types  of  models.  In  this 
figure  u  XBES  is  viewed  also  as  a  tool,  as  any  other  design  or  diagnostic  tool  (for  exam¬ 
ple,  a  finite-element  program  for  fluid  flow,  plastic  flow,  or  heat  flow)  would  be.  The 
meta  system  organizes,  integrates,  and  controls  the  evolution  and  propagation  of  knowl¬ 
edge  for  the  entire  system.  It  resides  above  the  operating  syst^n  of  the  computer  and 
gives  it  a  degree  of  intelligence.  Several  of  these  systems  (TRIAD,  TEIRESIAS,  and 
Kl-Shell™)  have  been  developed  (5,6)  for  assisting  human  experts  in  making  decisions 
and  for  monitoring  the  performance  of  expert  systems.  Meta  systems  assist  in  knowledge 
acquisition  and  in  modifying  the  rules  and  concepts  used  to  make  predictions  as  pn^*-  of 
their  model -based  understanding  process.  The  meta  system  assists  the  designer  by  acquir¬ 
ing  information  from  a  data  base  and  making  it  available  to  the  designer  at  the  exact 
m(xnent  it  is  required  in  the  design  life  cycle.  This  system  can  be  thought  of  as  a  life- 
cycle  assistant  for  design  projects  where  several  different  design  tools  must  be  uti¬ 
lize.  The  ^Msistimt,"  which  is  schematically  shown  in  tig.  3,  provides  an  interface 
which  supports  the  use  of  tools  according  to  the  specific  policies  of  the  manufacturing 
enterprise,  releasing  the  designer  from  the  burden  of  implonenting  these  policies.  It 
assists  the  user  in  dealing  with  enterprise-,  task-,  and  system-related  questions.  The 
following  typifies  the  questions  to  be  addressed  by  the  designer  when  confronted  with  the 
diversity  of  knowledge  which  must  be  brought  into  play  for  efficient  development  of  the 
product: 

e  Enterprise  Related: 

What  results  should  be  reported  in  the  case  of  successful/unsuccessful 

task  completion? 


What  possible  conclusions  can  be  drawn  from  the  summary  reports  thus  far? 


•  Task  ^  ^ated: 

1^3*  cask  should  be  perfonned  next? 

Vibat  is  the  input/output  and  command  sequence  for  the  tool? 

What  are  the  constraints  on  this  task? 

What  should  be  done  if  the  task  succeeds  or  fails? 

What  are  the  options  at  this  point? 

What  decisions  were  previously  made  which  affect  the  current  task? 


•  System  Related: 

What  tools  are  available  for  a  task? 

What  queries  aiake  sense  at  this  point? 

How  is  the  tool  invoked? 

What  parameters  are  required  for  this  tool? 


Figure  2  Representation  of  Various  Systems  Used  in  Manufacturing  Design. 


USER 


Figure  3  *  Schematic  Representation  of  Approach 
to  Knowledge-Based  Integration  for 
Life-Cycle  Assistance. 
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In  summary,  the  assistant  monitors  and  mediates  between  the  user,  design  tools,  and 
information  which  is  needed  for  supporting  the  design  life  cycle.  It  1)  enforces  the 
policies  by  which  design  team  members  move  from  one  tasK  to  another,  2)  assists  with  a 
task  by  bringing  to  the  user's  attention  task-specific  constraints  and  means  of  address- 
ing  them.  3)  understands  the  complementary  roles  of  users  and  tools  in  problem  solving 
during  the  course  of  the  design  life  cycle#  and  4)  eliminates  the  need  to  know  tool- 
specific  details  such  as  input/output  formats,  cryptic  commands  and  parameters,  and  which 
tool  to  utilize.  Thus,  the  three  types  of  models,  when  used  in  cooperation,  form  the 
basis  for  an  intelligent  computer- integrated-engineering  (CIE)  design  methodology  for 
design  problems  whose  physical  phenomena  may  be  represented  by  partial  differential  equa¬ 
tions.  This  methodology  incorporates  optimization  techniques  and  the  human  decision¬ 
making  procedure  into  an  interactive  design  system  which  also  utilizes  designer  intuition 
and  logic  in  the  design  process. 

Physical-scale  modeling  and  computer-simulation  modeling  (Fig.  2)  are  used  in  paral¬ 
lel  to  identify  the  importeuit  characteristic  phenomena  associated  with  the  par’..icular 
material  process  manufacturing  system.  The  computer-simulation  model  is  generally  based 
on  an  advanced  ntimerical  method  such  as  the  finite-element  or  finite-difference  method. 
These  methods  allow  the  designer  to  build  models  tdiich  are  very  complete  in  process 
detail.  Their  major  drawback  is  the  amount  of  CPU  time  which  is  required  for  a  given 
simulation.  Other  more  approximate  methods  (7-10)  are  available  for  solving  manufacturing 
problems  and  are  generally  part  of  the  numerical-method  repertoire  available  to  the 
designer  as  a  discrete  tool.  These  tools  are  particularly  valuable  in  the  conceptual- 
design  stage  when  possible  process-design  alternatives  are  being  investigated.  Gener¬ 
ally,  these  approximate  methods  fall  Into  the  following  categories;  1)  the  slab  method 
which  restricts  the  change  of  stress  to  only  one  direction,  2)  the  uniform-deformation- 
energy  method  which  neglects  redundant  work,  3)  the  slip-line  field  solution  which  is 
limited  to  rigid-plastic  materials  under  plane-strain  conditions,  and  4)  the  bounding 
methods  which  provide  fairly  good  estimates  of  the  upper  and  lower  limits  of  the  deforma¬ 
tion  force  but  cannot  provide  details  of  local  stress  and  strain  distributions  (8)  .  The 
boundary  integral  method  is  now  being  developed  for  treating  three-dimensional  flow  prob¬ 
lems  in  an  approximate  way.  This  numerical  method  will  find  increasing  use  as  a  concep¬ 
tual  design  tool  for  introducing  optimization  at  an  early  stage. 

The  dynamic  analytical  model  is  generally  a  second-order  differential  equation  which 
adequately  describes  the  performance  of  the  whole  system,  and  it  is  used  to  maintain  any 
prescribed  performance  of  the  unit  process.  Real-time  experimental  data  generated  from 
a  full-scale  dynamic  physical  model  (production  equipment  with  sensors)  are  used  in  com¬ 
bination  with  the  dynamic  analytical  model  to  evaluate  the  process  state  and  to  identify 
the  possibility  of  faulting.  Thus,  qualitative  and  quantitative  information  is  organized 
and  integrated  in  an  intelligent  way  for  designing  and  controlling  the  actual  system.  A 
specific  example  for  the  case  of  solidification  modeling  and  control  is  shown  in  Fig.  4. 
Figure  5  shows  where  expert  systems  might  be  used  to  support  the  design  life  cycle  for 
the  case  of  investment  casting. 


Figure  4  -  Flow  Diagreun  for  Solidification 
Process  Control  Modeling. 

A  decision  tree  for  a  typical  forging  enterprise  is  shown  in  Fig.  6.  It  defines 
the  various  tasks,  their  interrelationship,  and  the  analytical  tools  which  are  available 
to  the  design  engineer  for  solving  the  enterprise's  forging-process  problems.  Since  this 
decision  tree  is  a  template  of  the  thought  processes  of  several  forging  design  engineers, 
the  Kl-Shell'^  represents  a  synthesis  of  data-nodeling  and  artificial-intelligence  tech¬ 
niques. 
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Figure  5  -  Expert-^Systens  Applications  in  Process  Modeling. 


ANALYTICAL  TOOLS  REQUIRED  FOR  MODELING 
Advanced  Structural  Materials 


Moat  numerical  methods  that  have  been  developed  for  modeling  unit  processes  are 
baaed  upon  the  fundamental  time^^dependent  characteristics  of  material  behavior.  For 
example^  materials  have  been  classified  as  having  elastic,  viscoelastic,  elastic-plastic, 
elastic^viscoplastic,  and  fluid-^like  characteristics.  Approximations  of  these  different 
types  of  behavior  have  been  made  to  take  into  account  both  material  characteristics  and 
the  nature  of  the  shape-making  process.  An  example  is  the  rigid-plastic  and  rigid-' 
viscoplastic  finite-element  program,  ALPID  (11) ,  which  is  a  generalized  finite-element 
program  for  solving  highly  nonlinear  plasticity  problems  comnon  to  most  metalworking 
processes.  Because  the  plastic  strain  is  so  large  relative  to  the  elastic  deformation, 
the  elastic  characteristics  of  the  workpiece  material  are  neglected.  This  physical 
approximatxon  solves  several  fundamental  numerical  and  practical  problems;  by  way  of 
illustration,  it  eliminates  the  difficulty  in  obtaining  numerical  convergence  during 
transitioning  from  elastic  to  plastic  states  while  predicting  accurate  load  and  maintain¬ 
ing  a  high  degree  of  accuracy  in  plastic-strain  predictions.  On  the  practical  side,  this 
approximation  significantly  reduces  computation  time  and  costs. 

A  number  of  analytical  tools  which  are  useful  in  modeling  advanced  structural  mate¬ 
rials  are 

e  Elastic-Plastic  Finite-Element  Module 

e  Viscoplastic  Finite-Elemen^  Module 

•  Elastic-Viscoplastic  Finite-Element  Module 

•  Fluid-Flow  Finite-Element  Module 

e  Heat-Transfer  Finite-Element  Module 

•  Mass-Transport  Nodule  for  Fluid  Flow  by  Seepage/Capillary  Action 

e  Interface  Modules  for  Superposing  Chemical  Reactions  and  Phase 

Transformations  on  Material  Flow 

•  Distribution  Function  for  Describing  Mhisker-Orientation  Variation 


ILLUSTRATIONS  OF  UNIT-PROCESS  MODELING 
ALPID  Forging  Simulations 

Rib-Web  Forging.  The  simulation  of  a  titanium  alloy  is  shown  in  Fig.  7;  it  was  made 
to  inves€lgate  tne  possibility  of  defect  generation  due  to  improper  die  design.  These 
isothermal  predictions  substantiated  the  intuition  and  experience  of  titanium  forging 
designers.  The  defect  that  would  have  formed  in  the  actual  forging  was  a  lap.  Other 
simulations  for  nonisothermal  forging  of  the  seme  titanium  alloy  showed  that  temperature 
gradients  exacerbated  the  problem,  indicating  that  this  die  design  was  very  poor. 


Figure  6  -  Form  Tree  of  Process 


Design. 
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Figure  7  -  Metal-Flow  Simulation  With  ALPID  during  Rib-Web  Forging. 

3-D  Wedge  Deformation  by  Forq^g.  Metal  flow  during  a  three-dimensional  (3-D)  defor- 
matlon  process  is  Illustrated  In  FigT  8.  The  3-D  shape  changes  which  occur  during  forg¬ 
ing  were  accurately  predicted  by  the  ADPID  model.  Careful  examination  of  the  deformation 
steps  reveals  that  the  specimen  bulges  at  the  anticipated  locations  and  rotates  at  the 
thin  side  of  the  tapered  wedge.  This  simulation  represents  one  of  the  first  attempts  to 
model  3-D  metal  flow  during  open  die  forging. 


Figure  8  -  Wedge  Deformation  Simulated  by  3-D  Finite-Element 
Method  (Friction;  m  >  0.4). 


Powder  Consolidation 

The  ALPID  thermoviscoplastic  finite-element  program  was  modified  to  accoamodate  the 
cliange  in  constitutive  properties  as  a  function  of  density  increase  during  hot  isothermal 
compaction  of  particulate  materials.  A  schematic  diagram  of  simple  die  pressing  is  shown 
in  Fig.  9.  Figure  10  illustrates  the  ALFID-predlcted  density  distribution,  indicated  by 
solid  contour  lines,  along  with  an  experimental  validation  of  the  predictions,  indicated 
by  dashed  contour  lines. 

Only  one-fourth  of  the  cylinder  is  shown  in  the  simulation  due  to  the  geosietrical  symme¬ 
try  of  the  process.  Excellent  agreement  between  predicted  and  observed  results  should  be 
noted. 
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RADIUS 


Figure  9  •  Schematic  Diagram  of 
Simple  Ole  Preaslng. 


Sheet-Metal  Forming 


Figure  10  -  Density  Distribution  Predicted  by 
ALPID  During  Simple  Die  Pressing 
(Friction  Factor,  0.2i  Initial 
Relative  Density,  0.8). 


Stretch  Forming  of  a  Hemisphere.  A  punch  stretch  forming  operation  Is  shown  sche¬ 
matically  In  tig.  li  for  a  tlianlum  sheet -metal  alloy  designated  as  Ti-6A1-4V.  The 
simulations  were  made  to  predict  the  location  of  material  thinning  due  to  friction,  tem¬ 
perature,  and  atraln-rate  diatrlbution.  The  prediction  in  Pig.  12  was  found  to  be  in 
exact  agreement  with  actual  observations. 


Figure  11  -  Schematic  Diagram  of  Stretch  Forming 
of  a  Bemisphere  (Friction  •  0.3). 

3-D  Square-Cup  Drawing.  A  schematic  of  the  process  for  square-cup  drawing  of  an 
aerospace  structure  aluminum  alloy  is  presented  in  Pig.  13,  and  the  3-D  ALPID-predicted 
results  are  given  In  Fig.  14.  Because  ALPID  is  a  rigld-thermoviscoplastic  finite-element 
model,  sprlngback  predictions  must  be  added  through  an  elastic  finite-element  model.  The 
springback  analysis  Is  always  conducted  after  the  plastic  forming  has  occurred  In  a  modu¬ 
lar  fashion.  This  methodology  simplifies  the  problem  formulation  and  reduces  the  total 
computation  time. 

Heat-Flow  Modeling 

Heat-flow  analysis  is  frequently  coupled  with  various  types  of  material-flow  models 
to  predict  the  effect  of  temperature  gradients  on  the  possible  field  quantities.  It  has 
bean  applied  for  predicting  shape  distortions  and  residual  stresses  as  a  result  of  heat- 
treatment  cycles.  Heat-flow  models  can  also  be  used  independently  to  predict  temperature 
gradients;  and,  for  the  case  of  solidification  siodellng  where  the  solidification  time  is 
long,  heat-flow  analysis  is  conducted  to  evaluate  the  potential  for  solidification 
shrinkage.  Most  conventional  solidification  analyses  are  three  dimensional,  whereas  the 
heat-flow  analyses  coupled  with  material  flow  are  generally  carried  out  for  the  two- 
dimensional  cases  because  of  the  large  amount  of  CPD  time  required.  A  typical  heat-flow 
simulation  is  shown  in  Fig.  IS  for  an  alusdnum  die  casting.  CA8T3  was  used  (12)  for  this 
simulation. 


Figure  13  *  Schematic  Process  Sketch  of  Square-Cup  Drawing. 


6BMBBAL-  AND  SPECIAL-PURPOSE  APPLICATION  CODES 

Largs  general-purpose  codes  evolved  over  the  years  as  different  models  became  avail¬ 
able,  but  the  smaller  special-purpose  application  packages  were  developed  for  the  purpose 
of  solving  problems  in  a  particular  domain.  The  general-purpose  packages  are  usually 
considered  to  be  sore  difficult  to  use  because  of  their  generality.  They  usually  consist 
of  building  blocks  which  must  be  integrated  in  order  to  develop  a  finite-elmsent  model  of 
a  specific  manufacturing  application  such  as  sheet-metal  forming,  forging,  or  casting. 
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Figure  14  -  Square^up  Drawing  Process  Simulated  by  Three- 
Dinensicnal  Sheet  Program. 


Figure  15  *  Three-Dimensional  FEM  Simulation  of  Aluminum  Die 

Casting  In  Iron  Mold  Showing  Temperature  Contours. 

(a)  Part  Geometryr  (b)  Solidifying  Aluminum  and  Mold. 

In  principle*  this  appears  to  be  an  ideal  situation;  however*  in  practice*  the  building- 
block  approach  to  modeling  can  be  a  barrier  to  its  implementation  in  vendor  organiza¬ 
tions.  Experience*  for  example*  in  cotsparing  ALPID  with  certain  connercial  packages 
shows  that  ALPID  can  be  at  least  four  times  as  efficient  for  a  complex  net-shape  forging 
problem  and  as  much  as  two  times  as  efficient  for  a  simple  upsetting  problem  with  equiva¬ 
lent  accuracy.  Creating  the  finite-element  model  with  the  smaller-size  programs  similar 
to  ALPID  has  also  been  found  to  be  easier*  especially  for  the  novice  engineer. 

The  more-generalized  finite-element  packages  require  the  user  to  be  more  knowledge¬ 
able  about  finite-element  procedures,  including  details  concerning  specific  building 
blocks.  Small  vendor  organizations  often  lack  the  financial  or  human  resources  required 
to  dedicate  a  person  to  such  a  specialized  field.  Also*  most  vendor  organizations  have 
no  need  for  the  entire  analysis  capabilities  offered  by  the  com&ercial  general-purpose 
codes.  The  smaller  application  packages  were  developed  to  circumvent  these  difficulties 
and  to  permit  solutions  to  more  complicated  industrial  problems*  which  involve  such  proc¬ 
ess  attributes  as  heat  transfer*  chemical  reactions*  and  phase  changes. 


ECONOMICS  OF  PARALLEL  PROCESSING 

A  major  barrier  to  the  implementation  of  process-modeling  methodologies  as  a  routine 
design  tool  in  vendor  and  manufacturing  industries  in  the  U.  S.,  and  probably  throughout 
the  world*  is  the  overall  cost.  Two  major  cost  factors  in  process  design  by  computer 
sisnilation  are  1)  the  efficiency  of  the  designer  in  performing  the  design  tasks*  and 
2)  the  cost  of  computation  or  CPU  time.  The  first  cost  driver  has  already  been  discussed 
SGSMwhat*  but  it  should  be  placed  in  perspective  again.  The  designer*  in  order  to  be 
efficient*  should  have  a  design  system  which  assists  him  in  solving  the  {nroblem.  The 
designer  should  be  able  to  think  about  the  design-problem  solution  rather  than  how  the 
tools  needed  for  each  design  task  can  be  invoked.  The  system  should  allow  the  designer 
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to  retrieve  Information  eaally  from  a  repository  regardless  of  the  data-base  structure  or 
hardware  system.  Similarly,  it  should  be  possible  to  propagate  the  information  generated 
during  the  design  life  cycle  easily  and  automatically  to  other  levels  of  design  where  it 
may  be  needed.  The  design  system  should  have  the  capability  for  combining  tools  and  dis¬ 
sociating  them  in  such  a  way  that  the  cryptic  procedures  are  transparent  to  the  designer. 
The  time  constant  for  invoking  the  tools  and  carrying  out  the  numerical  and  symbolic  com¬ 
putations  should  be  as  short  as  possible. 

The  purpose  of  integrating  the  tools  used  by  a  given  enterprise  with  a  Kl-Shell™ 
la,  in  general,  to  enhance  not  only  the  performance  of  the  designer  but  also  the  design 
and  business  policies  of  the  particular  enterprise.  Minimizing  the  total  clock  time  for 
numerical  and  symbolic  processing  depends  on  having  a  proper  computer  architecture  in  a 
workstation  environment. 

Recent  advances  in  very  large  scale  integrated  circuit  (VLSIC)  technology  have  made 
it  feasible  to  build  large  complex  computers  and  perform  scientific  computations  at 
interactive  speeds,  and  drastic  reduction  in  hardware  costs  have  made  parallel  computers 
such  as  the  NCUBE  and  the  Intel  hypercuba  available  to  many  users  at  affordable  prices. 
However,  since  commercial  products  must  be  general  purpose  to  permit  them  to  be  marketed 
in  different  areas  of  application,  algorithms  must  be  developed  and  existing  algorithms 
restructured  for  the  architecture  if  these  computers  are  to  be  used  in  a  specific  appli¬ 
cation.  Optimal  performance  can  be  attained  only  when  the  architecture  is  tailored  to 
the  computational  requirements  of  the  applications  as  has  been  done  in  the  areas  of  com¬ 
puter  vision  and  digital  signal  processing. 

An  increase  in  speed  of  computation  by  parallelism  can  be  achieved  at  different 
levels  of  computation,  resulting  in  three  classes  of  parallel  architectures — namely, 
multiprocessors,  attached  computational  arrays  (high-performance  math  processors) ,  and 
pipelined  vector  processors.  Multiprocessors  consist  of  a  number  of  inexpensive  proc¬ 
essors  running  in  parallel  which  share  data  either  through  shared  memory  or  by  explicit 
message  passing.  The  processor  interconnection  scheme  is  a  crucial  parameter  affecting 
the  performance  of  a  multiprocessor.  The  hypercube  architecture  falls  in  the  message- 
passing  multiprocessor  category.  A  number  of  research  and  commercial  multiprocessors 
have  been  implemented.  Attached-array  processors  are  specialized  hardware  units  consist¬ 
ing  of  multiple  arithmetic  units  «fhich  are  tailored  to  perform  specific  computations  very 
swiftly  using  internal  parallelism  and  pipelining.  Systolic  arrays  have  been  proposed 
for  computations;  these  must  be  used  as  a  coprocessor  to  a  general-purpose  host  computer 
and  are  not  yet  available  as  commercial  products.  Finally,  vector  CPU’s  such  as  CRAy-1 
ace  designed  for  fast  arithmetic  operations  on  data  arranged  in  arrays.  These  systems 
are  too  expensive  to  be  used  as  a  CPU  for  a  workstation. 

During  the  U.  S.  Air  Force  effort  to  build  a  powerful  workstation  for  supporting 
cost-effective  design,  these  three  classes  of  computers  were  evaluated;  it  was  determined 
that  the  hypercube  architecture  would  provide  the  most  computational  power  for  the  cost, 
and  a  prototype  system  was  built  and  deiaonstrated .  The  powerful  workstation  consisted  of 
a  DEC  Mlecovax-II  host  computer  for  input/output  processing  and  an  Intel  hypercube  syst^ 
with  vector  processing  at  each  node.  The  design  tools  were  integrated  with  a  Kl-Shell™. 
This  approach  allowed  the  designer  to  do  a  global  (design-in-the-large)  analysis  of  the 
problem  based  on  an  embedded  methodology  for  an  extrusion  enterprise  in  this  particular 
case,  and  detailed  design  was  accomplished  with  finite-element  modeling  using  the  high¬ 
speed  capabilities  of  the  hypercube  computer.  Computational  speed-up  ranged  from  30  to 
100  times,  depending  on  the  size  and  complexity  of  the  design  problem  and  the  number  of 
available  processors.  The  more  complex  the  design  problem,  the  larger  the  speed-up 
observed.  This  experience  indicates  that  three-dimensional  finite-element  analysis  will 
become  affordable  for  the  various  classes  of  metal -deformation  problems.  Much  fundamen¬ 
tal  work  remains  to  be  done  in  the  developnent  of  a  powerful  workstation  for  process  and 
product  design.  Proper  architectures  must  be  developed  which  optimize  both  numerical  and 
symbolic  processing  since  the  design  process  is  heuristic,  deterministic,  and  data-base 
driven.  The  new  workstation  architectures  should  have  features  which  allow  1)  reconfigu¬ 
ration  for  implementing  different  processor  interconnection  topologies  of  different  steps 
of  computation  to  provide  swift  routing  of  data  between  processors  and  memories,  2)  vec¬ 
tor  VLSIC  coprocessors  to  speed  up  vector izable  segments  of  the  code,  and  3)  shared 
memory  for  fast  access  to  global  data. 


MATERIAL-BEHAVIOR  MODELING 

Success  in  the  use  of  process  simulation  as  a  sumufacturlng  design  tool  depends 
strongly  upon  good  material  models  and  physical-property  data  for  the  mathematical  model. 
Incorporating  the  behavior  of  the  workpiece  material  under  processing  conditions  has  been 
severely  neglected  in  past  approaches  to  designing  unit  processes;  in  many  cases,  consti¬ 
tutive  equations  were  used  as  a  matter  of  convenience.  Classical  workability  analysis 
has  served  as  a  qualitative  guideline  at  best  (13) . 

The  traditional  approach  to  describing  material  workability  it  inadequate  since  the 
affects  of  poor  die  design  cannot  be  separated  from  the  inability  of  the  material  to 
satisfy  the  demands  of  the  process.  The  ability  to  define  the  intrinsic  workability  of 
any  material  would  be  a  direct  step  toward  achieving  near-optimal  design  by  process  mod- 
eling.  The  traditional  approach  to  process  modeling  Is,  In  effect,  only  process  diag¬ 
nostics  because  the  resulting  solution  Is  entirely  dependent  upon  the  initial  boundary 
conditions  selected  for  the  modeling.  This  solution  Is  called  an  admissible  solution, 
and  it  does  not  necessarily  represent  the  actual  material  behavior  during  processing. 
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Interpretation  of  the  results  is  based  entirely  upon  the  past  experience  of  the  designer. 
Process  design  by  this  approach  may  require  as  many  as  15  to  20  simulations  and  a  good 
guess. 

Recently,  a  new  scientific  approach  to  describing  the  intrinsic  i^rkability  of  any 
workpiece  material  being  subjected  to  large  nonlinear  plastic  deformations  as  a  function 
of  temperature  and  time  has  been  developed*  Gegel  (14,15),  Prasad,  et  al.  (16),  and 
Gegel,  et  al.  (17),  developed  a  method  called  Dynamic  Material  Modeling  wHIch  describes 
the  mecHanIcal  and  microstructural  stability  of  a  material  system  as  a  function  of  time. 
They  view  the  workpiece  material  as  a  stochastic  dynamic  system  and  model  it  using 
control’^theory  methodologies.  Because  it  is  ii^possible  to  predict  a  priori  how  the  vari* 
ous  time^dependent  deformation  processes  will  combine  to  provide  tlie  degrees  of  freedom 
required  for  irreversible  plastic  fl<M«,  the  workpiece  is  treated  as  a  black  box  and  mod¬ 
eled  as  input  and  output  functions.  A  constitutivg  equation  is  developed  in  terms  of 
state  variables,  and  it  is  expressed  as  9  •  9(T,  InC,  t) ,  where  9  is  the  effective  flow 
stress,  InS  the  logarithm  of  the  effective  strain  rate,  T  the  absolute  temperature,  and  t 
time.  Information  regarding  the  stability  of  the  system  as  a  function  of  time  is  derived 
from  this  equation  by  applying  the  Lyapounov  (18)  axiom.  Figure  16  is  a  graphical  repre¬ 
sentation  for  Ti-6242  alloy  for  a  time  which  corresponds  to  an  effective  strain  of  0.6. 
Figure  17  is  a  processing  map  for  2024  aluminum  alloy  containing  20  volusie  percent  SiC 
whiskers  for  a  time  which  is  equivalent  to  0.3  effective  strain.  These  are  composite 
maps  which  show  both  mechanical  and  metallurgical  stability.  The  boundaries  surrounding 
the  stable  region  are  the  stationary  states  for  the  system  at  sosm  particular  time  t,  and 
they  represent  the  set  of  catastrophy  points  for  the  system.  A  eatastrophy  point  repre¬ 
sents  a  singularity  such  as  a  first-order  phase  transformation,  crack  nucleation,  or  the 
onset  of  a  plastic  instability.  This  information  has  been  incorporated  into  the  ALPID 
finite-element  program  by  Malas  (18)  as  a  nonholonomic  constraint  to  optimize  workability 
and  as  a  system  parameter  for  controlling  the  evolution  of  microstructure.  The  nonholo- 
nofflic  constraint  procedure  is  schematically  shown  in  Fig.  16. 


Figure  16  -  Processing  Nap  for  Ti-6242  $  Preform. 

An  important  point  should  be  made  concerning  material  properties.  A  limiting  factor 
to  the  application  of  process-simulation  techniques  for  routinely  designing  new  fabrica¬ 
tion  processes  will  be  the  lack  of  a  validated  material  data  base.  Information  such  as 
constitutive  equations,  intrinsic  workability  maps,  effective  heat-transfer  coefficients, 
interface  parameters  for  friction  analysis,  and  heat-capacity  data  for  the  workpiece  and 
die  materials  and  their  coefficients  of  expansion  must  be  developed  and  validated  for  a 
certified  design  data  base.  This  area  of  research  appears  to  be  one  where  the  MATO  coun¬ 
tries  could  effectively  cooperate  to  establish  a  data  base  and  standard  test  and  analysis 
methodologies . 
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Schematic  Diagram  of 
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SUMMARY 

The  changes  in  microstructure  induced  by  forging  and  ^ir  influence  on  flow  strength  in  hot  isostatically  pressed 
P/M  Rene  93  as  revealed  by  constant  true  strain  compression  tests  under  simulated  isothermal  forging  conditions  are 
discussed.  Results  are  presented  for  initially  fine  (7  ^m)  and  c^se  (30  /tnO  grained  compacts  tested  at  temperatures  of 
1030,  1073  ar>d  U00*C  and  at  strain  rates  in  the  range  from  10"^  s*^  to  1  s~  .  Under  the^  test  conditions,  both  the  fine 
and  coarse  grained  compacts  recrystallize  and  their  grain  size  is  refined  during  flow.  This  grain  refinement  gives  rise  to 
soft«Ung  in  botfi  materials.  Ultimately,  their  microstructures  transform  into  the  same  equiaxed  fine  grained 
microduplex  structure  at  which  point  their  flow  strength  becomes  identical.  Continued  deformation  at  that  point 
produces  no  further  change  in  grain  size  or  flow  suength.  Under  this  steady  state  regime  of  deformation,  the 
microduplex  grain  size  and  flow  strength  are  indepemfent  of  the  original  microstructuie  but  are  conditioned  by  the  strain 
rate  at  a  given  temperature.  The  steady  state  grain  size  increases  whereas  the  steady  flow  strength  decreases  with  a 
decrease  in  strain  rate  and/or  an  Increase  in  temperatu^.  It  is  shown  how  changes  in  microstructure  and  flow  strength 
during  isothermal  forging  can  be  modelled  in  P/M  Rene  95  compacts  by  means  of  established  deformation  models  for 
predicting  peak  flow  strength,  using  the  steady  state  deformation  data  as  a  boundary  condition  for  the  evolution  of 
microstructure  and  flow  strengtfi  a  model  for  deformation^induced  recrystallization  during  forging  that  has  been 
recently  developed  for  this  class  of  materials. 

SYMBOLS 

true  strain,  ln(h/ho)  where  ho  is  initial  specimen  height 
true  strain  rate 

strain  rate  in  soft  regions  of  model  material 
strain  rate  in  hard  regions  of  model  material 
volume  fraction  of  soft  recrysullited  material 
flow  stress 
peak  flow  strength 
steady  state  flow  strength 
back  stress  due  to  intr^ranular  y  * 
internal  stress  due  to  grain  boundary  ledges 
strain  rate  sensitivity  of  flow  strength 
grain  size  sensitivity  of  flow  strength 
activation  energy 
gas  constant 

absolute  temperature  in  K 

structure  and  strain  rate  dependent  time  constant 
time 

time  exponent 

experimentally  established  material  constants 
rate  equation  for  grain  boundary  sliding 
ibid.  (Ashby  and  Verall  mechanism) 
ibid.  (Glttus  mechanism) 

rate  equation  for  intragranular  flow  by  disiooition  creep  (motion  of  dislocation  within  grains) 
volume  diffusion  coefficient 

grain  boundary  or  interphase  boundary  diffusion  coefficient 
grain  boundary  energy 
Burgers'  vector 
shev  modulus 
Boltzmann's  Constant 
initial  grain  size 

as*worked  steady  state  grain  size 

number  of  steady  state  grain  layers  in  partially  recrystallized  spherical  grain  model. 

See  also  Table  IV 
1.  INTRODUCTION 

One  of  the  major  materials  engineering  breakthroughs.^  the  early  seventies  was  the  devel<H>ment  of  powder 
processed  nidwl^base  superalloys  for  use  in  gas  turbine  er^ines^^^  It  was  then  demonstrated  that  practically  unworkable 
high  strength  nictel-baM  superalloys  could  be  made  readily  forgeable  by  a  combination  of  rapid  solidification  and 
isothermal  metalworking  technologic^).  This  allowed  the  production  of  hi^  strength  powder  processed  discs  for  use  in 
high  performance  aero  engines.  Powder  metallurgy  super^loy  technology  is  by  now  well  established  and  powder 
procc»ed  parts  are  used  bod)  in  military  and  civilian  engines(3). 
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Ftsure  1.  Examples  of  necklace  microstructures  (a)  and  (b)  in  isotbermaily  forced  P/M  MarM200  and  (c)  P/M 
713LC  compacts  showing  partial  recrystallization  of  initially  coarse-grained  microstructures  after  forging  at 
sub-solvus  temperatures,  (after  Itnmarigeon  et  al.»  Refs.  10  ai^  15). 


Cn  this  technology,  high  strength  alloys  are  first  atomized  from  the  inelt  into  a  powder  which  is  subsequently 
consolidated  into  fully  dense  compi^ts  by  hot  extrusion  or  hot  isoatatic  presaing(4).  The  hi^  rates  of  solidification 
at^ieved  during  atomization  result  in  powders  containing  fine-grained  particles  of  uniform  composition.  Consolidation 
produces  compacts  whi<±  have  excellent  mechanical  properties  and  can  be  used  in  the  as-consolidated  condition  in  some 
applications.  The  as-consolidated  compacts  can  also  be  further  processed  by  forging  to  optimize  their  mechanical 
properties.  This  is  done  normally  at  slow  strain  rates,  typically  in  the  range  between  10*^  and  10‘^  s“^,  under  isothermal 
or  near  isothermal  forging  conditions(5). 

The  extent  to  which  microstructure  and  therefore  'nechanical  properties  can  be  controlled  in  these  materials  by 
thermomechanical  treatments  is  quite  re  narkable.  These  alloys  are  multiphase  materials  that  contain  a  large  volume 
fraction  of  an  intermetallic  compound  called  y\  The  7*  is  a  metasublc  ordered  phase  which  precipitates  during 
cooling  from  high  temperatures  and  its  morphology  controls  mechanical  properties.  Above  a  certain  teinperature*  called 
the  7'  solvus  te  nperaturei  this  phase  is  unstable  and  ultimately  goes  into  solid  solution.  During  working  at  temperatures 
below  the  7'  solvus  temperature,  the  presence  of  the  7*  promotes  recrystallization  and  prevents  grain  growth.  Fine 
grained  microstructures  with  superior  low  cycle  fatigue  (LCF)  properties  can  therefore  be  obtained  by  mechanical 
working  at  sub-solvus  temperatures  whereas  coarse  grained  microstnictures  with  superior  creep  properties  can  be 
obtained  by  heat  treatment  above  the  7’  solvus  temperature  where  grain  growth  can  virtually  xoceed  unimpeded.  A 
wide  range  of  in-between  foicrostructures,  including  the  so-called  necklace  structures  produced  by  forging  a  coarse 
grained  compact  at  sub-solvus  te  nperatures,  is  also  poss{bie(6).  Necklace  struct«ire$  offer  excellent  combinations  of 
UCF  and  crack  propagation  resistance(7)  which  rnay  be  desirable  in  some  applications. 

There  is  much  interest  in  the  forging  industry  in  the  devcli^ment  of  techniques  for  predicting  microstructures  in 
fo^’gings  in  order  to  optimize  the  mechanical  properties  of  forged  compooents(8,10).  In  recent  years,  powerfiil  computer 
techniques  and  numerical  procedures  have  been  developed  for  the  analysis  of  large  strain  plasticity  problems(l  D.  Those 
that  rely  on  the  finite  element  method  have  evolved  to  the  point  where  they  can  be  used  to  predict  microstructures  in 
forgings  m  long  as  there  are  neans  available  to  describe  the  evolution  of  microstructure  and  its  influence  on  flow 
characteristics  during  forging(12).  This  requires  data  on  flow  strength  and  its  relationship  to  microstructure  at  forging 
temperatures  and  strain  rates(l3). 

Extensive  work  has  been  conducted  at  the  NAE  to  study  the  forging  behaviour  of  P/M  5upcralloys(l*»-18)  and, 
recently,  a  model  was  propo^  for  deformation-induced  recrystallization  and  necklace  formation  in  these  materials(I9), 
In  the  proposed  model,  partially  recrystallized  material  characteristic  of  a  necklace  structure  of  the  type  shown  in  Fig.  l 
is  regarded  u  a  composite  material  consisting  of  hard  unrecrystallized  and  soft  recrystallized  regions.  Variations  in  flow 
strength  during  forging  are  ascribed  to  changes  in  the  volume  fraction  F  of  recrystallized  material. 

The  rate  equation  for  the  deformation  of  partially  recrystallized  composite  material  is  written  in  terms  of  those 
for  the  recrystallized  and  unrecrysUllized  regions  as 

e  =F  *5.(1  -F)  (1) 

where  the  rate  equations  for  the  soft  and  Isard  regions,  €  $  and  €  H  ^  viewed  as  constitutive  relations  that  relate 
flow  strength  to  strain  rate  and  temperature  within  each  region.  Both  relations  are  of  the  general  form 

€  =  AXP«7-ffo)*/'^  exp(l2)  (2) 

RT 

whwe  A  is  material  constant,  X  is  the  grain  size,  <7  is  the  flow  stress,  ^  is  a  microstructure  dependent  parameter,  p 
and  m  an  nu^nerical  exponents  tnat  depend  on  the  rnechanlsm  of  deformation  ,  Q  ia  the  activation  energy  for  the 
deformation  mechanism,  T  is  the  absolute  temperature  and  R  is  the  gas  constant. 

The  volume  fraction  F  of  recrystallized  material  is  described  in  the  proposed  model  by  an  Avrami  type  relation  of 
the  form 

F  V  1  -  exp  (-C(S,f)  t")  (3) 

where  C  b  a  paraineter  conditioned  by  the  instantaneous  microstructure  and  strain  rate,  t  is  the  tiine  and  n  is  a 


Table  L  Chemical  oompotitien  of  the  commercially  procured 
Reni  95  poww  used  in  this  study  (Wt«%i 
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.001 

.003 

84ppm 

26ppm 

numerical  expor)ent  v^hose  value  can  vary  fro  n  1  to  %  depending  on  the  nature  of  the  nucleation  and  growth  of  the 
recrystallized  grains.  The  mo^  has  be^  shown  to  be  consistent  with  the  forging  behaviour  of  both  coarse  and  fine¬ 
grained  p)m  7J3l„C  compacts. 

The  purpose  of  the  work  described  in  this  paper  was  to  assess  the  applicability  of  these  concepts  to  the  modelling 
of  flow  stress  and  microstructural  changes  in  P/M  Rene  95  during  isothermal  forging.  To  this  end,  compacts  were 
prepared  from  a  cocnmercially  procured  P/M  Rene  95  powder  and  their  forging  characteristics  under  isothermal  forging 
conditions  were  evaluated  by  compression  testing. 

2.  EXPCRIMENTAL  MATERIAL 

The  commercially  procured  -150  mesh  argon  atomized  powder  used  in  this  study  was  a  low  carbon  version  of  the 
standard  Rene  95  alloy  with  a  very  fine  grain  size  of  the  order  of  I  to  5  microns.  The  chemical  composition  of  the 
powder  and  its  mesh  size  distribution  are  given  in  Tables  1  and  tl  respectively.  Fully  dense  compacts  of  the  powder  were 
produced  by  hot  Isostatic  pressing  at  sub-solvus  temperatures  in  order  to  obtain  a  fine-grainH  microstr^ture.  The 
powder  was  first  encapsulated  in  304  stainless  steel  cans  and  degassed  at  350*C  under  a  vacuum  of  6  x  mhar  for  at 
least  eight  hours  prior  to  compaction.  The  cans  were  then  sealed  off  by  tungsten  inert  gas  welding  and  subsequently  hot 
isostatically  pressed  (HlPed)  in  the  NAE  HIP  facility.  A  dual-stage  HIP  cycle  was  used  that  has  been  shown  to  minimize 
MC  carbide  precipitation  at  prior  particle  boundaries  (PP&)(20K  Details  of  the  HIP  consolidation  conditions  arc  given  in 
Table  IK. 


Table  0.  Malt  sl»  dtotrlbutlon  of  the  cummercially  procured 
lUn^  95  powda  uMd  in  this  study 


Mesh  Size 

.1*0 

-140 

-200 

-270 

-325 

-400 

^200 

♦270 

♦325 

♦»00 

%  fraction 

0 

12.t 

19.4 

10.0 

BH 

K».7 

The  compacts  were  produced  in  the  form  of  round  bars  30  cm  long  by  2  cm  in  diameter  from  wnich  cylindrical 
co>npression  test  pieces  were  machined  as  detailed  under  sectiort  3.  The  microstructurcs  at  the  ends  of  the  as-hipped 
bars  were  compared  in  terms  of  second  phue  volume  fraction,  morphology  and  distribution  and  in  terms  of  grain  size. 
They  were  found  to  be  identical,  a  reflection  of  a  good  temperature  uniformity  within  the  HIP  vessel.  A  typical  u- 
hipf^  microstructure  Is  shown  in  Fig.  2.  It  consists  primarily  of  a  fine-grained  microduplex  structure  with  a  uniform 
dis^sion  of  a  few  apparently  undeformed  powder  particles  that  have  retained  an  as-cast  fine-grained  dendritic 
structure.  The  presence  of  the  phase  during  consolidation  has  minimized  growth  of  the  fine  as-atomized  grains.  It 
also  has  promoted  recrystallization  and  the  formation  of  the  microduplex  structure.  The  latter  consists  of  coarse 
primary  7'  in  a  fine  gained  7  matrix.  The  primary  7*  close  to  that  of  the  7  pain  size  and  this  gives  the 

structure  its  microduplex  appwance.  The  material  also  contains  a  large  volume  fraction  of  ^tformly  distributed 
intragranular  cooling  7'  which  was  formed  during  slow  cooling  in  the  HIP  press  from  the  HIP  temperature. 


Table  OL  Hot  iaoatetic  praaalng  oonditlona  UNd  for 
ooMolWatb«  tfia  Rand  95  povdar* 


Temparature 

Tbne 

Aegon  Pronure 

•C,0.» 

hra 

MP. 

930 

3 

193 

plus  1120 

2 

207 

*7'  solvus  temperature  approxiinately  !I60*C 


i 


Figure  2.  Typical  microstructure  of  the  Figure  3.  Microstructure  of  the  hipped  P/M 

experimental  P/M  Rene  95  compacts  produced  Rene  95  compacts  after  a  grain  coarsening 

by  hot  isostatic  pressing  at  sub-solvus  treatment  of  2  hours  at  a  super-solvus 

temperatures  exhibiting  a  uniform  dispersion  of  temperature  of  1200*C  followed  by  slow  cooling 

a  few  undeformed  pow^r  particles  (arrows  showing  preferential  precipitation  of  coarse  y* 

in  a  fine  grained  microduplex  matrix  at  grain  boundaries  and  prior  particle  boundaries 

(arrows  (Oetails  of  consolidation  (arrows  and  a  dispersion  of  fine  cooling  7' 

conditions  are  given  in  Table  III.)  in  the  grains  interiors  (arrow 


The  hot  working  characteristics  of  the  experimental  material  were  evaluated  in  the  as-shipped  fine-graine^ 
condition  typified  by  Pig.  2  and  in  a  grain  coarsened  condition  obtained  by  heat  treatment  of  the  as-hipped  material 
above  its  7*  solvus  temperature.  The  microstructure  produced  by  this  treatment  •$  shown  in  Fig.  3.  By  dissolving  the  7 
the  fine  as-hipped  grains  were  allowed  to  grow  and  a  coarse  grained  structure  was  obtait^.  The  heat  treatment 
employed  consisted  of  2  hours  at  1200*C  followed  by  slow  cooling  in  the  furnace.  This  slow  cooling  was  applied  to 
simulate  cooling  in  the  HIP  press  and  thereby  produce  a  cooling  7'  morphology  similar  to  that  which  would  have  been 
obtained  in  compacts  produced  by  consolidation  above  the  7*  solvus  temperature. 

As  compared  to  the  as-hipped  fine-grained  material*  Fig.  2*  the  grain  size  after  heat-treatment*  rig.  3,  is  large 
approaching  the  powder  particle  size.  The  grain  boundaries  have  obviously  not  migrated  past  the  PPB's  probably  due  to 
the  pinning  effects  of  the  MC  carbides  and/or  other  segregated  compounds  or  elements  that  are  known  to  be  present 
along  these  boundarles(2l«22).  During  slow  cooling  from  the  solutioning  temperature  some  preferential  agglomeration  of 
the  7 '  has  occurred  along  the  grain  boundaries.  This  makes  the  PPD  stand  out  and  enhances  the  particulate  appearance 
of  the  microstructure  since  many  of  the  grain  boundaries  c^ncide  with  PPB's.  There  is  also  some  evidence  of  7'  cellular 
growth  in  the  vicinity  of  PPB's  that  has  ^so  been  caused  by  slow  cooling. 

While  it  is  evident  that  the  grain  size  is  far  from  being  uniform*  either  in  the  as-hipped  or  grain-coarsened 
material,  an  average  nnean  linear  intercept  grain  size  was  established  in  each  case  for  the  purpose  of  the  analysis.  The 
measured  grain  sizes  averaged  7  /xm  and  50  ^m  for  the  as-hipped  and  the  grain-coarsened  compacts  respectively. 

%  EXPERIMENTAL  METHOD 

The  isothermal  for^ng  characteristics  of  the  compacts  were  evaluated  by  means  of  carefully  controlled  uniaxial 
compression  tests  using  a  hi^  temperature  test  rig  devel<H)ed  by  NAE  for  isothermal  forging  studie^23).  The  induction 
heated  rig*  which  is  shown  with  its  peripheral  equipment  in  Fig.  4  and  in  cross  section  in  Fig.  5*  allows  compression  tests 
to  be  conducted^  a  controlled  atmosphere  at  temperatures  up  to  1200*C  and  at  constant  true  strain  rates  anywhere 
between  5  x  10"^  and  5  s'  .  In  this  rig*  thu  compression  test  piece  can  be  quenched  within  seconds  of  the  end  of  the  test* 
which  allows  as-worked  microstructures  to  be  preserved  for  metallographic  studies.  The  rig  is  used  with  a  universal 
testing  machine  which  is  interfaced  to  a  dedicated  minicomputer  used  for  test  management  and  data  acquisition.Details 
of  this  apparatus  have  been  published  elsewhere(23*24). 

la  this  study*  compression  tests  were  conducted  at  1050,  1075  and  1100*C  and  at  strain  rates  in  the  range  from 
10'*  s''  to  1  s' *  using  small  cylindrical  compression  test  pieces  with  the  geometry  and  dimensions  shown  in  Fig.  6.  Test 
temperatures  were  k^t  constant  to  within  12*C  and  were  controlled  with  calibrated  thermomuples  embedded  in  the 
compression  tooling.  Test  strain  rates  vere  maintained  constant  to  within  better  than  Z39b  of  the  preset  rates  using  an 
aisalogue  function  generator  to  control  the  motion  of  the  MTS  ^draulic  actuator  and  a  high  temperature  displacement 
transducer  to  measure  the  gap  between  the  compression  dies(25).  The  specimens  were  heated  in  the  rig  and  soaked  at 
the  test  temperature  for  20  minutes  prior  to  testing.  A  lubricant  consisting  of  a  mixtwe  of  boron  nitride  powder  and  a 
boro-silicate  glass  frit  was  used  to  reduce  friction  at  the  interface  between  the  specimen  end  faces  and  the  a>mpression 
tooling.  This  proved  reasonably  effective  in  preventing  bareiling  of  the  specimen  and  in  ensuring  homogeneity  of  the 
deformation  as  evidenced  by  the  uniform  spread  of  the  lubricating  groves  machined  in  the  specimen  end  faces  and  by  the 
absence  of  bareiling.  This  Is  demonstrated  In  Fig.  7  after  a  true  strain  of  1.2  corresponding  to  a  70%  reduction  in  height 
of  the  compression  test  piece. 


Figure  4.  NAE’s  high  temperature  compression  test  rig  for  isothermal  forging  studies  showing 
A  Induction-heated  furnace  and  compression  tooling 
B  Servo-controlled  hydraulic  test  frame 
C  Computer  interfaced  servo-controller 

O  Analog  function  generator  for  constant  true  strain  rate  control 
E  Temperature  controller  and  multi  pen-recorder 
P  Induction  generator  for  high  temperature  furnace 
G  Inert  gas  drying  and  deoxidation  train 
(after  Gautron  et  al.  Ref.  24) 
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Figure  5.  Schematic  cross  section  of  NAE’s  high 
temperature  compression  test  rig  identifying  the 
key  components  of  the  compression  train  and  the 
materials  used  in  each  case,  (after  Gautron  et 
aJ.  Ref.  24). 
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Figure  i.  Details  of  the  geometry  and 
dimensions  of  the  compression  sp^mens 
showing  the  fine  grooves  machined  in  their  end 
faces  to  retain  the  hl^  temperature  lubricant 
used  in  this  work  to  reduce  friction  and  promote 
uniaxiality  of  deformation. 


Figure  7.  Compression  specimens  before  and 
after  testing.  The  uniform  expansion  of  the 
lubricating  grooves  in  the  end  faces  of  the  test 
piece  and  the  relative  absence  of  bareillng  after 
a  true  strain  of  1.2  are  typical  of  the  tests 
conducted  in  this  work. 


Two  types  of  tests  were  performed  in  this  study,  one  where  the  strain  rate  was  maintained  constant  throughout  the 
test  and  several  specimens  were  deformed  to  the  same  strain  of  1.2,  and  the  other  where  the  strain  rate  was  increased  in 
a  stepwise  manner,  while  keeping  the  total  accumulated  strain  as  small  as  possible  to  minimize  changes  in 
microstructure.  In  the  first  case,  the  test  parameters  were  varied  to  establish  the  strain  rate  and  temperature 
dependence  of  flow  strength  and  to  evaluate  the  effects  of  strain  rate  and  temperature  on  the  as-worked  microstructure. 
In  the  second  case,  where  the  strain  rate  was  incrementally  increased  by  a  factor  of  around  three  in  a  stepwise  manner,  a 
sin^e  specimen  was  used  to  establish  the  strain  rate  and  temperature  dependence  of  flow  strength  at  constant  structure. 

a.  RESULTS  AND  OISCUSSiON 

The  bulk  of  the  experimental  work  was  conducted  on  the  as-hipped  fine  grained  compacts  since  the  deformation 
data  for  fine  grained  microstructures  is  needed  to  model  deformation  in  both  fine  and  partially  recrystallized  coarse¬ 
grained  compacts  as  will  be  explained  later.  The  constant  true  strain  rate  compression  flow  curves  for  the  as-hipped 
Mterial  are  shown  in  Fig.  8.  The  dau  indicate  that  the  flow  stress  reaches  its  maximum  value  in  the  early  stages  of 
deformation  for  most  test  conditions.  The  material  subsequently  softens  with  increasing  strain  at  all  but  the  slowest 
strain  rates,  where  the  flow  stress  appears  independent  of  strain,  aUhM^  there  is  some  evidence  of  hardening  during 
flow  at  the  highest  temperature  (1100*0  and  slowest  strain  rate  (10  s*  )  examined. 
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Figure  9.  Variation  in  the  peak  flow  strength  of 
the  hipped  P/M  Rene  99  fine  grained  compacts 
as  a  function  of  strain  rate  (log.log  plot). 


Figure  10.  Variation  in  flow  stress  of  the  P/M 
Rene  95  compacts  at  a  strain  of  1.2  as  a  function 
of  strain  rate  at  the  three  test  temperatures. 


9.1  Strain  Rate  Dependence  of  Flow  Strei^th 

The  effects  of  strain  rate,  i  ,  on  the  peak  flow  strength,  C  p,  of  the  fine-grained  as  hipped  material  are  illustrated 
in  Fig.  9.  A  discontinuity  in  the  strain  rate  sensitivity,  the  slopes  >n  of  the  isothermal  curves  in  Fig.  9  where 

in  s  d  In  gp  (9) 

d  In  ( 


occurs  at  intermediate  strain  rates  between  10"^  and  10*^  s"  at  all  test  tetnperatures.  Below  the  transition  strain 
rates,  the  strain  rate  sensitivity  is  high,  increasing  from  0.5  at  1050*C  to  0.66  at  iiOO*C,  while  above  the  transition 
strain  rates,  it  is  low,  of  the  order  of  0.20  to  0.25  and  is  not  as  nearly  dependent  on  temperature  as  it  is  below  the 
transition  strain  rates.  This  behaviour  is  generally  consistent  with  fine  grain  superpiasticity  and  can  be  to  a 

change  in  deformation  mechanism  as  the  strain  rate  is  raised  fro  n  below  to  above  the  transition  strain  rate^^^^’^After 
a  true  strain  of  1.2,  the  apparent  strain  rate  sensitivity  of  the  flow  stress  is  greatly  reduced  relative  to  that  for  peak 
flow  strength,  decreasing  from  approximately  0.3  at  the  lower  strain  rates  to  approximately  0.1  at  the  higher  strain 
rates,  as  shown  in  Fig.  10. 

9.2  Temperature  Dependence  of  Flow  Strength 

A  selected  number  of  (low  curves  from  Fig.  S  are  reproduced  in  Fig.  1 1  to  illustrate  the  effects  of  temperature  on 
flow  strength  at  identical  strain  rates.  The  temperature  dependence  of  flow  strength  is  marginally  higher  for  the  peak 
(low  strength  than  it  is  after  a  strain  of  1.2.  This  effect  can  also  be  noted  by  comparing  the  data  shown  in  Figs.  9  and 
10. 
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Figure  ll.Cmstant  true  strain  rate  flow  curves 
for  the  as-hipped  P/M  Rene  95  compacts  showing 
the  effect  of  test  te  nperature  on  the  flow 
behaviour  at  identical  strain  rales, 
a)  I  s"*,  h)  10"^  s'*  and  c)  10'^s"‘ 
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Figure  12.  Temperature  dependence  of  peak  flovv 
strength  at  constant  strain  rates  lor  the  hipped 
P/M  Rene  95  fine  grained  compacts  showing  a 
discontinuity  in  the  temperature  dependence  of 
flow  strength  over  the  range  of  test 
temperatures  examined.  (See  text  for  details.) 


The  temperature  sensitivity  of  the  peak  flow  strength  (d  Inap/d  l/T)  obtained  by  plotting  log  flow  stresses  at 
constant  strain  rates  against  the  inverse  of  the  absolute  temperature  exhibits  a  discontinuity  which  shifts  to  higher 
temperatures  as  the  strain  rate  is  increased,  as  shown  in  Fig.  12.  This  discontinuity  is  consistent  with  the  change  in 
deformation  (nechanism  indicated  by  Fig.  9.  Activation  energies  tor  the  respective  mechanisms  can  be  calculate  on 
the  basis  of  the  data  contained  in  Fig.  12  from  the  relation  (c.f.eq*2) 

O  *  R  d  In  (To  (5) 

m  -ffTr 

where  R  is  the  gas  constant  and  m  is  the  strain  rate  sensitivity  given  by  Equation  ft.  The  significance  of  these  calculated 
quantities  is  however  questionable  since  the  y  volume  fraction  Is  not  constant  over  the  range  of  temperature  considered 
and  therefore  the  microstructure  varies  from  one  temperature  to  another.  True  activation  energies  require  that 
calculations  be  made  based  on  constant  structure  data  and  this  is  not  the  case  for  the  data  shown  in  Fig.  12. 

4.3  MicrostiMcture  Dependence  of  Plow  Strength 

The  coarse  grained  compact  had  a  higher  initial  flow  strength  (peak  flow  strength)  than  the  fine  grained  as  hipped 
material  at  all  temperatures  and  strain  rates  examined  in  this  work.  This  is  shown  in  Fig.  13  which  compares  peak  flow 
strength  for  the  two  materials  at  1100*C.  The  data  presented  in  Fig.  13  also  include  some  tensile  test  results  from 
earlier  NAE  work  for  fine  and  coarsegrained  compacts  of  comparable  grain  sizes  that  were  produced  by  Hipping  a 
different  batch  of  Rene  93  powder^^^.  Considering  the  differences  in  materials  and  test  methods  employed,  the 
correlation  between  tensile  and  compression  data  for  both  coarse  and  fine  grained  matef  ials  is  quite  good.  At  higher 
strain  rates,  the  apparent  difference  between  tensile  and  compressive  flow  strength  for  the  fine  grained  compacts  can  be 
attributed  to  microstructural  differences  caused  by  the  test  techniques  employed.  The  tensile  data  were  generated  by 
the  stepped  strain  rate  test  technique  with  which  an  increasing  amounx  of  strain  accumulates  with  increasing  number  of 
test  steps.  When  the  accumulated  strain  is  small,  typically  less  than  0.2,  the  microstructural  changes  are  minimal  and 
the  tensile  and  compressive  flow  strength  are  nearly  identical.  In  contrast,  when  the  accumulated  strain  is  large,  the 
microstructural  changes  become  Increasingly  significant  and  tensile  and  compressive  flow  strength  data  tend  to  <^viate. 
In  these  compacts,  when  the  total  accumulated  strains  were  of  the  order  of  O.ft  and  0.6  the  corresponding  tensile  flow 
strengths  were  20  and  30%  lower  than  the  compressive  flow  strength  respectively,  Fig.  13.  It  is  therefore  important 
that,  in  order  to  establish  str^n  rate  and  temperature  sensitivities  of  flow  strength  the  data  should  be  generated  at 
constant  structure. 

It  was  found  that,  at  all  strain  rates  and  temperatures,  the  difference  in  flow  strength  between  the  coarse  and  fine 
grained  compacts  gradually  decreased  as  the  amount  of  applied  strain  was  increased.  For  instance,  at  1100*C  and  10*^ 
s'*  the  peak  flow  strength  for  the  50  ^m  grain  size  material  was  roughly  three  limes  higher  than  that  for  the  7  grain 
size  compact,  Fig.  Ifta.  However,  after  a  strain  of  1.2,  ^  difference  in  flow  strength  for  the  two  materials  was  reduced 
to  less  than  20%.  This  convergence  of  flow  strength  with  increasing  strain,  can  be  attributed  to  the  microstructure 
evolving  in  each  case  towards  the  same  fine  grain^  microduplex  structure,  as  indicated  by  Fig.  Iftb.  This  is  clearly 
demonstrated  ih,Fig#  13  which  compares  the  as-worked  microstructures  for  the  two  materials  after  a  true  strain  of  1.2  at 
1100*C  and  10'^  s^.  The  initially  coarse  grained  matwial  shows  partially  recrystallized  regions  of  fine  microduplex 
grains,  Fig.  1 5a,  of  a  size  similar  to  that  observed  in  the  as-worked  fine  grain^  (7  fim)  compact.  The  initially  fine 
grained  (7  ^m)  material  appears  fully  recrystallized  and  shows  little  evidence  of  prior  powder  particles.  Its 
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revealed  by  metallography. 


microstructure  is  equiaxed  microduplex  with  a  'y'particie  size  similar  to  the  y  matrix  grain  size.  Some  grain  refinement 
has  occurred  during  flow  aithot^  in  this  case  the  decrease  in  grain  size  was  rather  minimal,  down  from  7  to 
approximately  6fim  as  Indicated  In  Pig.  !%!>. 

Changes  In  Mkroetructure  induced  by  Working 

Metallography  of  as*worked  microstructures  for  both  coarse  (50  ^m)  and  fine  (7  ^m)  grained  compacts  revealed 
that  their  average  grain  size  was  refined  during  flow  at  all  test  temperatures  end  strain  rjttes  examined  in  the  work  with 
the  exception  of  the  initially  fine  grained  material  at  the  slowest  strain  rate  (10*^  and  1100*C,  when  marginal 
coarsening  of  the  microduplex  grain  size  was  noted.  This  Is  shown  in  Pig.  16  which  compares  the  soaked  and  as^worked 
microstructures  for  the  material  after  a  strain  of  1.2  at  a  selected  number  of  strain  rates  and  temperatures. 

The  micrographs  indicate  that  remnants  of  the  as-cast  dendritic  structure  associated  with  undeformed  powder  particles 
present  in  the  as-hipped  material  (Fig.  2)  are  entirely  eliminated  within  a  strain  of  1.2  at  the  highest  strain  rates  and  test 
temperatures.  The  micrographs  also  reveal  tlut  the  as-worked  microdupJex  grain  size  is  influenced  by  the  deformation 
conditions,  decreasing  with  an  increase  in  strain  rate  and/or  a  decrease  in  temperature  at  equivalent  applied  strain. 
After  a  strain  of  1.2,  the  variations  in  av^-age  microduplex  grain  sizes  (measured  as  mean  linear  interceptslu  a  function 
of  strain  rates  at  the  three  test  temperatures  are  compared  in  Pig.  17. 

It  was  also  noted  that  a  regime  of  deformation  develops  at  high  strains  during  which  there  is  no  further  change  in 
the  microduplex  grain  size  with  continued  straining  at  constant  strain  rates  and  temperature.  Within  this  regime,  the 
flow  stress  also  remains  nearly  constant.  Evidence  to  this  effect  is  provided  in  Fig.  18  whidi  compares  the  flow  curves 


Figure  16.  Effects  of  forging  temperature  and  strain  rate  on  the  microstructure  of  the  as-hipped  fine-grained 
P/M  Rene  95  compacts  after  a  true  strain  of  U2  corresponding  to  a  70%  reduction  in  height  of  the  compression 
test  piece.  The  microstructures  of  undeformed  specimens  soaked  for  20  minutes  at  the  three  test  temperatures 
are  also  shown  for  comparison. 
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Figure  17.  Variation  in  as'worked  microduplex 
grain  siae  as  a  function  of  strain  rate  at  the 
three  test  te  nperatures  after  a  true  strain  of  1.2 
for  initially  fine  grained  (approKimately  7/im) 
P/M  Rene  95  compacts.  Grain  sizes  are  mean 
linear  intercepts  derived  from  Fig.  1 6. 


TRUE  STRAIN  TRUE  STRAIN 


(a)  (b) 

Figure  IS. Effects  of  strain  rate  at  1100*C  on  a)  the  flow  curves  and  b)  the  evolution  in  microduplex  grain  size 
during  deformation  for  the  initially  fine-grained  P/M  Rene  95  compacts. 


Figure  19.Effert  of  strain  and  strain  rate  on  the 
evolution  of  grain  size  during  constant  true 
strain  rate  deformation  of  fine-grained  P/M  713 
LC  compacts  at  lOM'C  (1323KKafter  Ref.  19). 


of  the  as-hipped  material  and  the  corresponding  as-worked  grain  sizes  after  a  strain  of  1.2  over  a  wide  range  of  strain 
rat«  at  1100*C.  The  steady  state  regime  of  flow  is  established  within  true  strains  of  less  thvi  1.2  at  strain  rates  below 
lO'^s*^  at  this  test  temperature.  At  higher  strain  rates,  strains  larger  than  1.2  are  apparently  required  to  achieve 
steady  state.  However,  the  measured  flow  stresses  and  grain  sizes  at  strains  of  1.2  must  be  close  to  their  expected 
steady  state  values  since  the  softening  rates  are  r^idly  decreasing  and  the  flow  stresses  are  approaching  a  constat 
value  at  that  point,  Fig.  IS.  A  steady  state  regime  of  deformation  has  already  been  reported  for  a  similar  material 
(Hipped  713LC).  microstructural  evident  available  in  this  case  is  shown  tor  com^ison  in  Fig.  19.  At  1090*C  the 
steady  state  is  established  in  P/M  7I3LC  within  a  strain  of  1.2  at  strain  rates  below  10~^  s~% 


2-12 


Figure  20.0e(or<Tiatioo  nap  for  P/M  Rene  9)  at  isothermal  forging  temperatures  and  strain  rates  obtained  by 
superposition  of  peak  flow  strength  data  at  constant  grain  size  (solid  lines)  and  steady  state  data  (broken  line). 
The  steady  state  data  provides  a  boundary  condition  for  the  evolution  of  microstructure  and  changes  in  flow 
strength  during  flow.  (See  text  for  details).  The  peak  flow  strength  data  for  the  50  and  7«At^rain  size  compacts 
are  derived  from  Figs.  10  and  13  respectively  while  the  data  for  the  4  grain  size  material  was  obtained  by  an 
interrupted  test  inethssd  that  involved  prestraining  the  fine  grained  as^ipped  material  to  refine  its  grain  size 
from  7  to  4^m.  This  was  achieved  by  deforming  the  as-hipped  material  to  a  strain  of  0.7  at  3  x  10**  Kx 
that  pointi  the  test  was  interrupted  and  immediately  followed  by  a  stepped  strain  rate  test  to  establish  the  strain 
rate  dependence  of  flow  strength  at  4  /im.  The  lines  for  other  grain  sizes  were  obtained  by  interpolation  fro  n 
the  data  contained  in  Pig.  17.  Finally*  for  the  steady  state  data  line*  It  was  assumed  that  the  measured  flow 
strengths  at  strains  of  1.2,  Fig.  10,  provide  good  approximation  of  steady  state  flow  stresses  over  the  whole 
range  of  strain  rates  considered. 


4*5  Deformation  Phenomenology 

Several  conclusions  can  be  drawn  from  the  above  observations  regarding  the  flow  behaviour  and  microstr'X^tural 
evolution  in  PM  Rene  95  under  isothermal  forging  conditions. 

1)  At  typical  isothermal  forging  rates  and  temperatures,  the  grain  sUe  of  Hipped  P/M  Rene  95  is  refined  during  flow. 

2)  The  grain  refinement  in  both  coarse  and  fine  grained  compacts  causes  flow  softening. 

3)  A  steady  state  regime  of  deformation  ultimately  develops  at  high  strains  during  which  the  flow  strength  and  grain 
size  undergo  no  further  change  with  continued  straining  at  constant  strain  rate  and  temperature.  The  flow  strength 
at  a  strain  of  1.2  and  the  corresponding  as-^^ked  microstructures  may  be  viewed  as  steady  state  quantities  at 
least  to  a  first  approximation  for  modelling  purposes. 

4)  The  steady  state  flow  stress  and  steady  state  grain  size  are  independent  of  the  initial  microstructure  but  are  each 
condition^  by  the  applied  strain  rate  and  the  forging  temperature. 

5)  The  steady  state  grain  size  increases  with  a  decrease  in  strain  rate  and/or  an  increase  in  forging  temperature 
whereas  the  steady  flow  stress  increases  with  an  increase  in  strain  rate  and/or  a  decrease  in  forging  temperature. 

The  phenomenology  of  steady  state  ^Jundamentai  to  the  isothermal  forging  deformation  model  which  has  already 
been  proposed  for  this  class  of  materials  According  to  the  model*  steady  state  flow  provides  a  boundary  condition 
for  the  evolution  of  both  the  microstructure  and  flow  strength  during  deformation  and  can  be  used  to  predict  the 
magnitude  and  direction  of  change  in  grain  size  and  flow  strength  for  a  given  microstructure  as  a  function  of  strain  rate. 
This  is  demonstrated  for  P/M  Rene  95  in  Pig.  20  where  peak  flow  strength  data  for  different  initial ^ain  sizes  (solid 
lines)  are  combined  with  steady  state  data  (broken  line)  over  a  wide  range  od  strun  rates  at  1 100*C.  m  figure*  which 
may  be  viewed  as  a  deformation  map,  Indicates  for  instance  that.at  lx  10*^*  s*S  a  compact  with  a  4^m  grain  size  will 
harden  during  flow  as  its  grains  grow  from  4  to  7  ^m*  while  at  *  the  same  compact  will  soften  as  its  grain  size  is 

refined  down  to  3  ^m.  tether  the  grains  pow  or  are  refined  during  flow  depends  on  the  relative  size  of  the  starting 
and  the  steady  state  grain  sizes  and  this  is  dictated  by  the  applied  strain  rate  and  temperaturedS). 


2-13 


Although  the  changes  in  grain  size  are  not  dra^nattc  in  Pig.  20t  the  difference  between  peak  and  steady  state  flow 
strengths  at  a  given  strain  rate  can  be  quite  significant.  This  is  indicative  of  a  strong  grain  size  dependence  of  flow 
strength  in  fine-gained  nnateriais  at  inese  high  temperatures  and  slow  forming  rates  and  arises  because  of  the 
contribution  of  grain  boundary  sUdb\g  mechanisms  during  deiormation(13).  This  contribution  is  large  enough  when  the 
grain  size  is  sufficiently  fine,  typically  below  lO/tm,  to  confer  superplastic  characteristics  to  as-hipped  superalioy 
compacts(15-l$). 

4.6  Oeformatien  Modelling 

In  accordance  with  the  deformation  map  of  Fig*  the  grain  size  of  the  as-hipped  {.7  (4.m)  and  grain  coarsened 
(50  ^m)  compacts  are  refined  anA  their  flow  strength  is  reduced  at  all  rates  of  interest  to  isothermal  forging.  In  order  to 
rmxfei  these  changes,  it  is  important  to  understand  how  the  refinement  of  the  grains  occurs  in  each  case.  Metallography 
reveals  that  the  mechanisms  involved  are  Identical  in  both  materials.  While  these  mechanisms  are  not  entirely 
understood,  bo^  deformation  mduced  recrystallization  and  redistribution  of  the  y'  phase  are  believed  to  contribute  to 
the  transformation.  There  is  evidence  to  show  that  recrystallization  starts  along  the  grain  boundaries  of  the  original 
^ains  and  progresses  by  the  addition  of  new  grains  at  the  interface  between  the  previously  recrystallized  fine  grained 
portions  of  the  original  grains  and  their  unrecrystallized  interiors.  As  the  strain  increases,  tl«  volume  fraction  of 
recrystalUzed  material  also  increases  until  the  original  ^ains  are  entirely  consumed.  In  the  case  of  the  initially  coarse 
grained  (50  ^m)  material  the  process  gives  rise  at  interrelate  strains  to  a  necklace  structure  of  the  type  shown  in  Fig. 
I5a.  In  the  case  of  the  initially  fine  grained  material  the  difference  between  the  initial  and  steady  state  grain  sizes  is 
small  over  the  entire  range  of  strain  rates  examined  and  consequently  the  original  grains  are  entirely  consumed  without 
forming  a  well  defined  necklace  structure.  Fig.  1 5b 

In  order  to  model  these  deformation-induced  changes  in  flow  strength  and  microstructure  as  a  function  of 
deformation  conditions,  it  is  necessary  to  predict  the  flow  strength  for  partially  recrystallized  material  and  the  rate  of 
recrystallization.  Mathematical  treatment  of  these  problems  requires: 

1)  a  rate  equation  for  partially  recrystallized  material,  and 

2)  a  kinetic  relationship  for  deformation-induced  recrystallization. 

How  these  relationships  can  be  formulated  in  the  case  of  P/M  Rene  95  is  explained  below. 

4.6.1  Flow  Strength  Predictions 

Following  the  <nodel  for  deformation  induced  recrystallization  in  P/M  713  the  partially  recrystallized  P/M 

Rene  95  compacts  can  be  viewed  as  composite  materials  consisting  of  soft  recrystallized  grains  and  iWd  unrecrystallized 
regions  corresponding  to  the  interiors  of  the  original  grains.  As  the  volume  fraction  of  the  recrystalUzed  material 
increases  with  strain,  the  flow  strength  of  the  compacu  is  increasingly  influenced  by  flow  localization  within  the  fine 
recrystallized  regions.  The  contribution  from  grain  boundary  sliding  towards  overall  deformation  becomes  increasingly 
prominent  and  ultltnately  dominates  once  the  transformation  is  complete. 


The  rate  equation  for  peak  flow  strength  prior  to  the  onset  of  grain  refinement  in  both  coarse  and  fine  grained 
compacts  can  be  written  in  terms  of  those  for  grain  boundary  sliding,  (gas)  and  intragranular  flow,  (mdg)  as; 

*  '  ‘gbs*  ^mdg 

where  €  is  the  applied  strain  rate  and  6 ^k.  and  e-jw-  strain  rates  due  to  gbs  and  mdg  respectively.  In  the  coarse 

grained  compacts,  the  strain  contributiwvfrom  gM  n  initially  small  because  of  a  large  initial  grain  size  and  the  rate 
equation  reduces  to 


'  =  ‘mdg 


(7) 


In  the  fine  grained  compacts,  the  contribution  frtmi  each  deformation  mechanism  depends  on  the  initial  grain  size 
and  the  applied  strain  rate.  At  slow  strain  rates,  the  attribution  from  gbs  dominates  whereas  at  high  strain  rates  it 
becomes  negligible.  *niis  gives  rise  to  the  discontinuity  from  high  to  low  strain  rate  sensitivity  for  fine-grained  materials 
as  indicated  in  Fig.  9.  At  high  strain  rates,  the  rate  equation  for  the  fine  grained  material  also  reduces  to  Eq.  7  while  at 
low  strain  rates  it  reduces  to 


^gbs 


(S) 


At  strain  rates  of  interest  to  isothermal  forging  both  gbs  and  mdg  contribute  to  the  deformation  and  the  rate  equation  is 
that  given  by  £q.  6. 


form 


The  f  component  in  Eq.  6  can  be  represented  by  a  dislocation  glide/cUmb  controlled  creep  equation  of  the 


^mdg 


=  A'  ^ 


(9) 


where  Oo  is  a  back  stress  due  to  intragrw:ular  7*  practj^tates,  A*  is  an  e)q>erimentally  determined  material  constant  and 
other  symbols  have  their  usual  meaning  (see  SYM^;H.S  section). 


The  component  in  6q.  6  can  be  represer^ted  by  atomistic  models  for  describing  superplastic  flow  where  sliding 
akmg  the  grK^  boundaries  may  be  controlled  by  diffusion  flow  accommodation  within  the  grun  interiors,  as  in  Ashby  and 
VerralTs  model(3l>,  or  by  dislocation  climb  within  the  boundary  planes,  as  In  GittusS  modeK32). 
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Figure  21. Comparison  of  eiqMrimentally  establi^wd  peak  flow  strengths  for  the  as-hipped  P/M  Rene  95 
compacts  with  predictions  based  on  superposition  of  intragranular  deformation  and  grain  bounty  sliding 
mechanisms 

a)  at  1050*C  assuming  that  a  mechanism  of  the  type  proposed  by  Gittus(^2)  predominates  at  low  strain  rates. 

b)  at  1 100*C  assuming  that  both  the  Gittus  and  Ashby  and  VeraliOO  contribute  to  deformation. 


In  the  case  of  Ashby  and  VerralFs  model  the  rate  equation  Is  given  by: 

e.b./AV'iOOiir'’- 2:Z1L 

kT  X  X 

whereas  for  Gittus's  model: 

whereXis  the  grain  size,  r  is  the  grain  boundary  energy  and  0.72r/X  and  Oi  are  threshoid  stresses  arising  from 
fluctuations  in  the  grain  boundary  area  and  grain  boundary  ledges  respectively<31>32). 

Predictiisw  of  peak  flow  strength  in  P/M  71^  LC  compacts  of  different  grain  sizes,  based  on  the  superposition  of  a 
dislocation  creep  model  (Eq.  9)  with  the  Gittus  model  for  grain  boundary  sliding  (Eq.  11),  have  been  shown  to  closely 
approximate  the  experimental  data  at  10J0*C(33)  and  correctly  predict  the  strain  rate  sensitivity  of  flow  strength 
(msO.3)  at  slow  strain  rates.  In  P/M  Rene  95,  the  superposition  of  these  two  equations  also  describes  peak  flow  strength 
and  its  strain  rate  sensitivity  (m  =  0.5)  at  1050*C  reasonably  well  as  shown  in  Fig.  21a.  However,  at  llOO’C,  this 
superposition  does  not  adequately  predict  the  peak  flow  strength  or  its  strain  rate  sensitivity  at  slow  strain  rates.  In  this 
case, the  strain  rate  sensitivity  m  is  greater  than  0.5,  of  the  order  of  0.66  (c.f.  Fig.  9),  and  falls  in  between  the  values 
predicted  by  Eqs.  6  and  9. 

It  has  however  been  suggested  that  superplastic  flow  can  arise  from  the  simultaneous  operation  of  a  number  of 
mechanisms(29).  it  is  therefore  quite  possible  that  at  llOO'C  both  the  Ashby  and  Verrall  and  the  Gittus  mechanisms  are 
contributing  to  flow  at  the  lower  strain  rates.  This  is  not  totally  unexpected  since  the  contribution  from  diffusional  flow 
accommodation  in  the  grain  interiors  can  be  expected  to  Increase  as  the  forging  temperature  is  increased  from  1050*C 
to  1100*C.  Therefore,  it  is  suggested  that  at  1I00*C,  the  variation  in  peak  flow  strength  can  be  described  by 
superposition  of  Eq.  7,  8  and  9  where 

*  ^  *mdg  *  *gbs/G  *  *gbs/AV 

That  this  is  itrdeed  the  case  is  shown  in  Fig.  21b  where  the  magnitude  of  peak  flow  strength  and  its  strain  rate  and  grain 
size  dependences  are  closely  approximated  by  Eq.  12,  The  parameters  and  constants  vised  in  calculating  the  peak  flow 
strength  values  in  Fig.  21  are  given  in  Table  IV.  In  the  discussion  that  follows  on  deformation  at  llOO’C,  any  reference 
to  will  be  assumed  to  represent  a  combination  of  »nd  tgbj/Q. 

Again  following  the  approach  used  to  model  necklace  growth  in  P/M  713LC  compacts(19),  the  deformation-induced 
recrystallization  is  assumed  to  proceed  by  the  addition  of  concentric  layers  of  steady  state  grains  of  diameter  d,  startii^ 
along  the  boundaries  of  the  original  grains  of  diameter  X  in  the  manner  shown  schematically  in  Fig.  22.  As  the  strain 
increases,  more  layers  are  added  until  the  original  grains  are  entirely  consumed.  In  initially  coarse  grained  material, 
several  layers  of  steady  state  grains  may  be  needed  to  complete  the  transformation  whereas  in  initially  fine  grained 
compacts  (typically  less  than  10  fun,  one  or  less  layer  may  be  required  depending  on  the  sizes  of  the  original  and  the 
recrystallized  steady  sute  grains.  Fig.  22b.  In  this  approach,  a  spherical  grain  model  is  used  and  it  is  assumed  that  the 
size  of  the  recrystallized  grain  is  dictated  by  strain  rate  (and  temperatise)  in  accordance  with  the  experimental  date 
shown  in  Pig.  17. 
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Table  IV:  Values  of  IMaterial  Parameters  and  Physical  Constants  Used  in  Calculations 


Symbol 

Parameter 

Units 

Value 

A' 

Power  law  creep  constant 

- 

see  \ote  1 

A'(132}K) 

Power  law  creep  constant  at  t323K 

- 

lt.7  «  10’ 

A'(1373K) 

Power  law  creep  constant  at  t373K 

- 

9.3  x  10’ 

b 

Burgers  Vector 

in 

1.7  X  10'*® 

k 

Boltzmann's  Constant 

MNm/K 

1.38  X  10'^® 

M 

Shear  modulus 

MN/m^ 

see  Note  2 

H  (I323K) 

Shear  modulus  at  1323K 

MN/m^ 

5.0  X  10* 

/»  (1373K) 

Shear  modulus  at  1 373K 

MN/m^ 

3.5  X  10* 

Dy 

Volume  diffusion  coeff. 

m^/s 

see  Note  3 

Dy  (1323K) 

Volume  diffusion  coeff.  at  1323K 

m^/s 

1.1  X  lO"'^ 

Oy  (1373K) 

Volume  diffusion  coeff.  at  I373K 

m^/s 

3.2  X  10'*^ 

Back  stress  due  to  grain  boundary  ledges 

<,(>•) 

Boundary  diffusion  coeff. 

see  Note  4 

Dg  (1323K) 

Boundary  diffusion  coeff.  at  I323K 

m^/s 

2.1  X  10'** 

Pb  (1373K) 

Boundary  diffusion  coeff.  at  1373K 

m^/s 

3.6  X  10'" 

fi 

Atomic  volume 

1.1  X  10'^’ 

s 

Boundary  thickness  —  2b 

m 

3.0  X  10'*° 

r 

Boundary  energy 

3/m^ 

O.l 

R 

Gas  constant 

3/rnol/K 

8.3143 

Qy 

Activation  energy  for  volume  diffusion 

KJ/tnol/K 

318 

^6 

Activation  energy  for  boundary  diffusion 

K3/mol/K 

159 

Note  i 

For  microduplex  materUI,  <^0  ”  ®  ^  ^  ^ 


Substituting  an  experimentally  determined  Op  value  at  appropriate  test  temperature  and  applied  true  strain  rate.  A' 
values  at  1523K  and  1373K  can  be  calculated, 

M  =  »*o(i  *  ^  ) 

‘m  ^ 

where  Mo  is  the  shear  modulus  at  300K  and  T,^  is  the  melting  temperature.  For  Rene  95  Mo  =  3.49  x  10^  MN/m^, 
T^=1600Kand  IH  ^ 

Note  3 

Dy  =  exp(-Qy/RT)  where  0^  for  Ni,  for  the  temperature  range  of  interest,  e<;uais  4.0  x  lO'^m^/s  and 
Qy  is  318  KJ/Mol/K. 

Note  4 

where  O^j  for  NI,  for  the  temperature  range  of  interest  equals  4,0  x  10'^  m^/s  and 
Qsis  139KJ/mol/K. 
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X|VJ  =  X-  2Nd 

N  =  number  of  recrystallized 
layers  of  grain  size  d. 


X  ►  d 


X^.  3d 


(  a  ) 


(  b) 


Figure  22.Single  grain  tnodel  with  diameter  X  used  for  modelling  deformation  induced  recrystallization  during 
isothermal  forging  in  P/M  Rene  95  compacts  illustrating  the  concentric  layerwise  build  up  of  steady  state  grains 
of  diameter  d  with  increasing  deformation  in 

a)  initially  coarse  grained  compact,  X  >d 

b)  initially  fine  grained  compact,  X 


The  rate  equation  for  partially  recrystallized  material  can  then  be  written  as 

^  ^  ^  mdg  *  ^gbs^d  *  1  *  P  (  f  mdg  *  ®gbs^  X  N  ^ 

where  F  is  the  volume  fraction  of  recrystallized  material,  and  Xm  i*  average  diameter  of  the  unrecrystallized 
portions  of  the  spherical  model  grain  and  is  given  by 


XN  =  X-2Nd  (U) 

where  N  is  the  number  of  steady  state  grain  layers  and  can  be  a  non>integer  for  modelling  purposes. 

4.6.2  RecrystalUzation  Kinetics 

As  explained  elsewhere,  the  kinetics  of  defer mation-’induced  recrystallization  can  be  described  by  adapting  Cahn's 
treatment  of  transformation  kinetics  for  grain  boundary  nucleated  reactions(19).  in  this  adaptation,  a  reduc^  effective 
grain  size  equal  to  the  size  of  the  untransformed  portions  of  the  original  grains  is  used  to  describe  recrystallization 
events  beyond  site  saturation  of  the  original  grain  boundaries.  For  the  spherical  grain  model  shown  in  Fig.  22,  the 
reduced  effective  grain  size,  X^,  gradually  decreases  as  the  number  of  recrystallized  grain  layers  increases  in 
accordance  with  Eq.  14.  Also,  the  nucleation  and  growth  rates  of  new  grains  are  asumed  to  be  conditioned  by  the  strain 
rate  within  the  untransformed  portions  of  the  original  grains  which  provides  the  driving  force  for  additional 
recrystallization.  For  P/M  713  LC  compacts  the  recrystaliization  kinetics  were  best  described  by  assuming  that  the 
transformation  is  growth  controlled  in  which  case  the  adapted  Cahn  treatment  takes  the  for'n: 

F  =  I  -expr-12  K  £  r  (15) 

L  Xn  ®  '  e  'j 

where  K  is  material  constant  which  can  be  determined  experimentally  from  flow  data  at  slow  strain  rates(19). 

The  coupling  of  Eqs.  (13)  and  (15)  forms  the  deformation  model  and  can  be  viewed  as  a  constitutive  relation  capable 
of  treating  microstructure  as  a  dynamic  variable  of  the  deformation  process.  The  model  can  therefore  be  used  to  predict 
changes  in  microstructure  as  a  function  of  deformation  conditions. 

Eq.  13  reduces  to  a  fourth  order  polynomial  in  stress  which  can  be  solved  for  any  given  value  of  F,  i.e.  at  any  stage 
of  transformation.  The  calculated  stress  can  then  be  used  to  estimate  the  effective  strain  rate  €«  from  Eg.  9  assuming 
that  the  recrystaliized  and  unrecrystallized  regions  of  the  original  grains  carry  the  sa.ne  stress^  9).  This  calculate 
effective  strain  rate  is  in  turn  used  to  predict  the  rate  of  b’ansformation  with  contin  'ed  deformation  through  Eq.  1 5.  By 
repeating  this  procedure  in  a  stepwise  fashion  changes  in  flow  strength  and  microstructure  can  be  determined  for  the 
si^ierical  grain  model.  Experimental  verification  of  this  model  was,  however,  beyond  the  scope  of  this  study. 

Using  Eqs.  13  and  15  in  conjunction  with  numerical  procedures  for  metalworking  analysis,  based  on  the  finite 
element  metlk^,  the  local  variations  in  microstructure  within  a  forging,  caused  by  strain  and  strain  rate  gradients,  can 
also  be  predicted.  It  has  been  suggested  that  sudt  predictions  could  be  used  to  tailor  microstructure  in  superalloy  disc 
forgings  to  component  design  requirements(lO). 
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3.  CONCLUSIONS 

This  paper  has  shown  that  a  recently  proposed  nethodology  for  >nodelling  forging  deforrnation  and  microstrjctaral 
evolution  in  P/M  superalloys  under  isothermal  forging  conditions  is  applicable  to  P/M  Rene  9S  compacts.  This 
methodology  assumes  that  several  «nechanisms  contribute  towards  overall  deformation  and  uses  established  models  (or 
each  of  the  mechanisms  to  formulate  a  rate  option  for  predicting  flow  strength.  It  also  uses  an  Avrami  type 
relationship,  with  steady  state  flow  data  as  boundary  conditions,  to  predict  changes  in  microstructure  as  a  function  of 
initial  microstructure  and  appUed  strain  rate.  The  rate  equation  in  combination  with  the  Avratni  type  relationship  forms 
a  microstrucure  dependent  constitutive  relation  which  can  be  used  to  predict  micros tructural  gradients  within  forgings. 

Peak  flow  strength  (fata  for  the  initial  microstructure,  plus  steady  state  flow  strength  and  grain  size  data  are  the 
only  experimental  quantities  required  to  use  this  inodel.  TIw  former  can  be  obtained  on  a  single  specimen  by  a  stepped 
strain  rate  test,  while  the  Utter  can  be  generated  by  conventional  constant  true  stra.  •  rate  compression  tests  using  four 
to  five  specimens,  one  per  strain  rate  condition.  However,  to  generate  the  steady  si  Jte  data,  it  is  necessary  to  conduct 
the  tests  on  initially  fine-grained  tnaterial  (  <  10  /im)  since  only  in  this  case  can  the  steady  state  be  established  within 
the  strain  limits  of  compression  testing. 
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SUMMARY 

In  extrusion,  the  knowledge  of  temperature  distribution  is  helpful  in  selecting 
process  variables  such  as  speed,  initial  temperetures  and  cooling  conditions  to  optimize 
the  process.  This  study  describes  a  computer-raided  numerical  technique  for  the  calculation 
of  temperature  distribution  in  the  billet,  extruded  product  and  tools.  The  model  is  based 
upon  Avitzur's  spherical  velocity  field  and  extended  to  include  transient  heat  conduction, 
heat  generation  and  mass  transport  effects  on  the  basis  of  local  tenperatures  and  strain* 
rates. The  finite  difference  formulation  of  the  problem  considers  the  heat  generation  emd 
conduction  in  each  tim^  step  of  the  solution.  A  computer  program  is  developed  to  solve 
the  problem. Ten^rature  distributions  are  calculated  as  a  function  of  time.  Predicted 
temperatures  for  the  extrusion  of  alw&inium  alloys  AA  2014  and  AA  2024  are  con^ared  with 
experimental  data. 


NOMENCLATURE 

c  specific  heat 

D/Dt  material  derivative 

k  thermal  conductivity 

m  shear  factor 

d  heat  generation  rate 

r,*^,^  spherical  coordinates 

r.  radius  of  inner  boundary  of  the  deformation  zone 
S.  .  surface  area  of  element  (i,J) 

T^'*  temperature  of  element  (i,j)  at  the  beginning  of  time  Increment  &t 
ten^erature  of  element  (1,^)  at  the  end  of  time  increment  At 
volume  of  element  (i,j) 

exit  speed  of  the  extruded  product,  ram  speed 
v^  speed  of  an  element  in  the  deformation  zone 

At  time  increment 

Av  velocity  discontinuity 

72  Laplacian  operator 

t  effective  strain*rate 

p  density 

0  effective  stress 


INTRODUCTION 

Extrusion  has  become  an  economically  iri^ortant  metal  forming  process  in  the  last 
three  decades.  As  a  result  of  technological  advances  gained  in  aerospace  industry  there 
has  been  an  increasing  demand  for  the  extruded  products  of  high-strength  light  alloys.  In 
order  to  use  the  extrusion  process  more  effectively  numerous  investigations  have  been 
carried  out  concerning  process,  tooling  and  metal  flow. 

In  extrusion , temperatures  developed  due  to  heat  generation  greatly  influence  tool 
life  and  the  properties  of  the  final  product,  and,  most  significantly,  determine  the 
maximum  deformation  speed  which  can  be  used  for  producing  sound  products.  Therefore,  it  is 
essential  to  optimize  the  process  variables  so  that  the  productivity  of  the  process  can 
be  increased.  The  first  step  to  determine  the  optimum  process  variables  is  to  know  the 
temperature  distribution  in  material  and  tooling  during  extrusion.  In  this  study,  a  compu¬ 
ter-aided  numerical  technique  is  developed  for  the  prediction  of  temperature  distribution 
in  the  billet,  product  and  tools  during  extrusion. 

When  a  material  is  extruded,  the  plastic  deformation  energy,  the  shearing  energy  at 
the  boundaries  of  the  deformation  zone  and  the  friction  energy  dissipated  at  the  tool- 
material  interface  contribute  to  temperature  rise  in  the  prod'tct.  This  non-steady-state 
temperature  rise  -  which  affects  the  properties  of  the  extruded  product  -  can  be  control¬ 
led  by  appropriate  selection  of  process  parameters  such  as  ram  speed, initial  temperatures 
of  the  billet  and  tooling  etc.  The  principlev  of  isothermal  extrusion  and  practical 
measures  for  its  realization  have  been  discussed  by  many  investigators/^l-S;  . 

Several  attempts  have  been  made  to  predict  the  temperature  distribution  in  extrusion. 
Akeret  f6}  has  analysed  the  transient  heat  transfer  and  temperature  distribution  in 
direct  extrusion  using  a  numerical  method  which  assumes  that  the  billet  is  composed  of 
cells  of  constant  temperature.  Altan  and  Kobayashi  (7]  have  developed  a  numerical  method 
to  predict  the  temperature  distribution  during  extrusion  through  conical  dies.  In  their 
study, the  heat  generation  and  transportation  were  regarded  as  occurring  Instantaneously, 
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followed  by  an  Interval  in  whl^  conduction  takes  place  as  for  a  stationary  medium. They 
used  visloplastlclty  data  to  determine  the  velocity  field.  Oalhelmer  /8;  extended  this 
technique  to  calculate  temperatures  In  extrusion  through  flat-faced  dies  and  used 
theoretically  determined  velocity  and  stress  distributions  for  the  calculation  of  the 
heat  generation.  The  boundary  of  the  deformation  zone  was  determined  by  visloplastlclty 
experiments.  Altan  and  others  (9J  have  attempted  to  calculate  velocity  and  temperature 
distributions  In  axlaymmetrlc  extrusion#  deriving  a  sls^llfied  version  of  the  method 
Introduced  by  Lambert  and  Kobayashl  (10]  for  obtaining  upper-bound  velocity  fields 
without  discontinuities.  The  heat  generation  and  heat  conduction  were  considered  to  take 
place  consecutively,  as  in  the  study  of  Altan  and  Kobayashl  /7; .  The  method  of  the  latter 
was  applied  to  predict  the  temperature  distribution  In  the  extrusion  of  aluminium  through 
flat-faced  dies. 


METHOD  OF  ANALYSIS 

In  extrusion  through  a  flat-faced  die,  heat  Is  generated  by  the  deformation  In  the 
material,  shearing  at  the  deformation-zone  boundaries  and  friction  at  the  tool-material 
Interface.  Some  of  the  heat  generated  Is  transported  with  the  flowing  material,  some  Is 
transmitted  to  the  punch,  container  and  die,  and  some  Increases  the  tenperature  of  the 
billet.  Thus,  the  problem  Is  complex.  Involving  simultameous  heat  generation,  transporta¬ 
tion  and  conduction.  A  numerical  method  of  solution  has  therefore  been  developed.  This 
finite  difference  method  considers  the  effects  of  heat  generation,  conduction  and  mass 
transport  on  basis  of  local  temperatures  and  strain-rate  In  each  time  Increment  of  the 
solution. The  following  assumptions  are  made: 

(a)  Axial  symmetry. 

(b)  Steady-state  material  flow. 

(c)  Constant  material  thermal  properties. 

{d}  Von  Mlses  material. 


The  kinematically  admissible  spherical  velocity  field  with  discontinuities  described 
by  Avltzur  [11]  Is  used  for  calculating  the  strain-rates  in  the  deformation  zone.  The 
dead-metal  zone  angle  is  determined  by  a  minimization  of  power,  assuming  constant  flow 
stress.  The  grid  system  used  for  the  finite  difference  formulation  of  the  problem  is 
Illustrated  in  Flg.l.  In  this  Eulerian  grid  system,  the  deformation  zone  is  defined  In 
spherical  coordinates  and  the  other  regions  in  cylindrical  coordinates.  At  the  mesh  points 
of  the  deformation  zone,  the  heat  generation  rate  Is  calculated  by 

<5  •  3  e  (1) 

assuming  that  all  of  the  plastic  deformation  energy  is  converted  into  heat.  According  to 
Avltzur 's  velocity  field  the  effective  strain-rate  at  each  mesh  point  is  given  by 


/T 
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sin‘e 


(2) 


For  each  volume  element,  a  mean  value  of  effective  strain-rate  is  obtained  by  integrating 
Eq.  (2)  between  the  boundaries  element.  For  the  flow  stress  of  the  material  a 

relationship  of  the  type  a  •  f(c,T)  is  used.  The  heat  generated  by  shearing  is  calculated 
by 

q  -  /  Av  d  ds  (3) 

at  the  boundaries  of  the  deformation  zone  and 


m  d  ds 


(4) 


at  the  billet-container  interface.  At  the  die-product  interface,  heat  generation  due  to 
friction  is  neglected.  The  general  form  of  the  heat  transfer  equation  is  given  by 


kV  T  +  (5-pc  DT/Dt 


(5) 


The  finite  difference  formulation  of  Eq.(3)  in  spherical  coordinates  (Fig. 2) is  written  as 
follows 
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Eq.  (6)  is  derived  by  using  oentrel  difference  for  ^e  spetiaX  derivatives  and  backward 
difference  for  the  tine  derivatives  (X2j ,  The  finite  difference  e3q>res8ion  of  Eg.  (5)  in 
cylindrical  coordinates  is  derived  by  a  similar  approach  /137.  The  heat  generation  rate 
per  unit  volume  la  considered  to  be  constant  at  each  time  increment  of  solution  and  there* 
fore  small  time  increments  are  chosen  for  better  approximation  of  the  temperatures.  The 
tesgierature  distribution  after  time  increment  At  is  calculated  by  solving  the  set  of  fini¬ 
te  difference  equations  obtained  for  the  entire  grid  system.  Calculated  temperatures  are 
assigned  as  the  initial  tes^rature  distribution  for  the  next  time  increment  of  solution 
and  the  repetition  of  the  sequence  gives  the  temperature  distribution  as  a  function  of 
time.  The  numerical  procedure  has  been  computerized  in  FORTRAN  IV.  The  block  diagram  of 
the  coB^uter  program  is  given  in  Pig. 3. 


EXPERIMENTAL 

The  experimental  work  was  conducted  on  an  ENEFCO  5  MN  extrusion  press  equipped  with 
direct  extrusion  tools.  Rod  extrusions  were  performed  at  a  ram  speed  of  5  mm/s  using  an 
extrusion  ratio  of  16:1  and  billets  of  AA  2014  and  2024.  The  billets  were  homogenized  at 
490^C  for  18  hr  and  air-cooled  befoj^  being  machined  to  78  mm  diameter  and  150  mm  length. 
They  were  then  heat-treated  at  495^C  for  5  hr  and  quenched.  Initial  billet  temperatures 
were  selected  to  be  350°C  for  both  alloys,  nie  container  temperature  was  maintained  at 
300°C. 


Extrusion  pressure,  ram  displacement  and  teaq>erature  at  two  points  within  the  die 
were  recorded  during  extrusion.  K-type  (chromel-alumel)  sheathed  theziiDCOUples  were  used 
in  teiiq>erature  measurements.  Two  thermocouple  holes  were  drilled  into  the  die  emd  the 
tips  of  the  thermocouples  were  ensured  to  remain  in  contact  with  the  base  of  the  holes. 

The  locations  of  the  die  thermocouples  are  shown  in  Fig. 4.  The  work  of  Sheppard  /14;  has 
indicated  that  the  temperature  rise  at  the  die  surface  approximates  closely  to  the  tempe¬ 
rature  rise  at  the  surface  of  the  extruded  product.  It  was  therefore  decided  to  insert 
thermocouple  1  as  close  to  the  die-bearing  surface  as  possible.  The  thermocouple  tips  are 
denoted  by  points  1  and  2  in  Fig. 4. 

Extruded  rods  were  quenched  after  extrusion  by  passing  through  a  pipe  placed  25  cm 
from  die-exit.  Low-pressure  water  was  circulated  inside  the  pipe.  Thus,  an  amount  of  heat 
was  lost  from  the  product  by  convection  which  was  taken  into  account  in  theoretical  calcu¬ 
lations  . 


RESULTS  AND  DISCUSSION 

The  temperatures  at  points  1  and  2  in  the  die  that  were  measured  during  the  extrusion 
of  AA  2014  and  AA  2024  alloys  are  compared  with  the  predictions  of  the  finite  difference 
model.  The  grid  system  is  composed  of  122  mesh  points.  The  finite  difference  mesh  is 
established  in  such  a  way  that  points  1  and  2  are  mesh  points. 

The  measured  and  predicted  temperatures  of  points  1  and  2  for  the  extrusion  of  AA 
2014  and  AA  2024  are  shown  as  a  function  of  ram  displacement  in  Fig. 5  and  Fig. 6,  respec¬ 
tively.  As  mentioned  before,  point  1  is  very  close  to  die-bearing  surface  and  temperature 
rise  at  point  1  approximates  to  the  tesperature  rise  at  the  surface  of  the  extruded  pro¬ 
duct.  The  experimental  data  and  predicted  temperatures  at  point  1  are  generally  in  good 
agreement.  The  predicted  temperatures  get  slightly  higher  than  the  measured  temperatures 
towards  the  end  of  extrusion,  the  difference  being  5c  for  AA  2014  and  18”C  for  AA  2024  at 
the  end  of  extrusion. 

Point  2  is  located  at  a  distance  of  10  mn  from  point  1.  As  seen  in  Fig. 5,  predic¬ 
ted  temperatures  at  this  point  for  the  extrusion  of  AA  2014  are  consistently  higher,  but 
the  curve  indicates  acceptable  agreement  with  the  experimental  results. The  maximum  varia¬ 
tion  between  theory  and  experiment  is  18^C,  which  occurs  at  the  end  of  extrusion.  For  the 
extrusion  of  AA  2024,  as  can  be  seen  in  Fig. 6,  the  theory  predicts  the  temperature  of 
point  2  to  within  ±  lO^C. 

In  extrusion  experiments  It  was  observed  that  the  selected  ram  speed  could  not  be 
realized  at  the  start  of  extrusicm.  Although  the  ram  speed  is  selected  to  be  5  mm/s,  the 
speed  drops  to  2.5  loro/s.  The  displacement  vs.  time  record  has  revealed  that  this  drop  of 
speed  lasts  approximately  5  seconds  corresponding  to  upsetting  period.  This  fact  is 
considered  in  the  prediction  of  temperature  distribution.  Fig. 7  shows  the  predicted  surfa¬ 
ce  teiq>erature  of  the  extruded  rod  at  the  die-exit  for  both  alloys.  The  upsetting  period 
is  clearly  reflected  in  the  curves.  Attention  should  be  paid  to  starting  ten^ratures  when 
analyzing  the  curves.  Although  -it  is  stated  that  initial  billet  temperatures  are  350^C, 
starting  temperatures  below  350^C  are  observed  in  Fig. 7.  This  is  attributed  to  the  fact 
that  a  heat  loss  to  the  die  and  container  exists  prior  to  extrusion »  end  this  heat  trans¬ 
fer  is  taken  into  account  in  the  finite  difference  model.  The  predicted  surface  temperature 
for  AA  2024  alloy  is  considerably  higher  than  that  for  AA  2014  alloy. The  difference  in 
surface  temperatures  is  35^C  at  the  end  of  extrusion. 

In  order  to  provide  an  economical  production  in  extrusion r  the  extrusion  speed  should 
be  selected  as  high  as  possible.  Extrusion  speed  is  governed  by  two  limits.  One  is  the  load 
limit,  i.e.  the  press  capacity,  and  the  other  is  the  metallurgical  limit,  where  the  alloy 
starts  to  tear.  If  the  exit  temperature  is  too  close  to  the  solidus  temperature  of  the 
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alloy,  the  surface  tears  and  becomes  unacceptable  .Therefore ,  the  ten^rature  rise  In  the 
product  should  be  estimated  as  close  as  possible  for  the  optimisation  of  the  process.  AA 
2xxx  and  AA  7xxx  series  alloys  classified  as  difficult  to  extrude,  are  widely  used  In 
aerospace  Industry.  The  trorking  range  of  these  alloys  Is  very  limited  becaxise  they  have 
relatively  higher  flow  stxesses  and  lower  solidus  temperatures.  The  prediction  of  ten^ra- 
ture  rise  Is  of  particular  Is^rtanoe  for  alloys  that  are  difficult  to  extrude. 

The  results  of  present  %fork  are  also  evaluated  In  terms  of  temperature  rise .  Assuming 
that  tei^rature  rise  In  the  die  at  point  1  approximates  closely  to  the  temperature  rise 
at  the  surface  of  the  extruded  product,  measured  and  predicted  temperature  rise  (AT)  for 
each  alloy  is  given  In  Table-1. 


Table-1 


Alloy 

Measured  AT  In  die 

Predicted  AT 

at  point  1.  °C 

at  product  surface ,  ^C 

AA  2014 

121 

114 

AA  2024 

124 

147 

The  temperature  rise  is  underestimated  for  AA  2014  alloy  and  overestimated  for  AA  2024 
alloy  by  the  theory .However ,  it  can  be  said  that  predicted  temperature  rise  for  both  alloys 
are  acceptable  to  sufficient  accuracy  for  engineering  purposes.  If  a  more  accurate  compa¬ 
rison  is  going  to  be  made,  thermocouple  1  can  be  placed  at  die-bearing  surface. 

CONCLUSIONS 

1.  The  present  model  can  be  adequately  used  for  predicting  the  teivperature  distribu¬ 
tion  in  the  billet  and  tooling  for  axisymmetric  extrusion.  However,  additional  woric  is  ne¬ 
cessary  covering  a  range  of  extrusion  ratios  to  verify  further  the  model. 

2.  The  temperature  rise  occuring  during  extrusion  can  also  be  predicted  using  the 
present  numerical  method,  but  the  calculation  will  require  a  considerable  computer  time 
compared  with  analytical  methods . 

3.  The  model,  in  its  present  form,  is  limited  to  axisymmetric  rod  extrusion.  The  mo¬ 
del  can  be  adapted  to  different  section  geometries  by  modifying  the  finite  difference  for¬ 
mulation. 


4.  Since  the  computerized  method  of  analysis  developed  in  this  study  considers  the 

process  variables ,  it  can  also  be  used  in  the  analysis  and  optimization  of  the  extrusion 

process. 
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SUMMARY 

The  metallurgical  structure  of  superalloy  aeroengine  disc  forgings  is  a  complex  function  of  the  forging  operation 
parametOT  and  the  pmt  forging  heat  oeatinenL  It  is  often  ^suable  to  obtain  certain  specific  structures  in  parts  of  the  disc  which 
ate,  for  instance,  rraslant  to  aack  propagation  and  tins  has  traditionally  been  accomplished  by  means  of  a  series  of  production 
trials.  This  expensive  and  time  consuming  procedure  can  be  considerably  shortened  if  the  development  of  iniciostructure  during 
the  forging  can  be  accurately  modelled  by  a  suitable  computer  code.  The  paper  describes  such  a  model  and  its  use  in  the  design  of 
isother^  forged  components. 

The  model  described  is  a  fully  thermally  cotqrled  visco-plastic  finite  element  algorithm.  It  treats  nodal  velocities  as  the 
basic  unknowns  and  both  the  mesh  geotnetry  and  the  various  metallurgical  structural  terms  arc  updated  by  a  single  step  Euler 
scheme.  Facilities  are  available  for  ensuring  that  surface  nodes  follow  die  shapes  after  impingement,  that  flow  is  incompressible 
and  that  sititable  surface  friction  forces  are  applied.  Throughout  the  whole  forging  process  (which  may  involve  the  le-meshing  of 
severely  distorted  elements),  the  metallurgical  history  of  elements  is  retained  so  that  the  effects  of  subsequent  heat  treatments  can 
be  assessed. 

An  example  is  given  of  the  modelling  of  an  axisymmeeric  isothermal  superalloy  disc  forging.  The  evolution  of  structure  is 
foUoa/ed  and  the  model  used  to  show  how  the  forging  process  may  be  optimized  to  produce  the  required  structures  both  in  terms  of 
die  design  and  forging  press  operation. 

1.  INTRODUCTION 

Turbine  discs  in  modem  jet  engines  see  exueme  conditions  of  stress  and  temperature  in  service  and  yet  ate  critical 
components  both  for  the  effiwnt  operation  ^  structural  integri^  of  the  engine.  In  particular,  discs  must  resist  both  creep  and 
fatigue  failure,  and  this  ability  has  been  achieved  by  a  combination  of  good  metallurgical  practice  during  manufacture  and  an 
understanding  of  the  beat  sirwxures,  particularly  with  legard  to  grain  size  £stribution.  Thus,  directs  arc  only  tolerated  within  very 
fine  limits  and  the  metallurgical  structures  are  such  as  to  resist  crack  propagation.  This  often  requires  a  mixed  grain  size  (the 
’necklace’  structure)  and  the  structure  must  be  produced  during  the  manufacturing  operations. 

Discs  ate  pnetally  hot  forged  and  hence  in  superalloys  it  is  dynamic  recrystallization  during  defoimation  as  well  as 
subsequent  quenching  which  govern  grain  structure.  The  correct  structures  can  only  be  obtained  by  a  close  control  of  the  for^g 
process  and,  in  the  pm  this  hu  teqiuned  the  production  of  many  trial  forgings  with  different  press  conditions  and  die  geometries. 
This  expensive  and  time  consuming  procedure  can  be  circumvented  if  the  forging  process  can  be  computer  modelled  in  such  a  way 
as  to  follow  the  development  of  microsttuctuies  as  well  as  the  general  flow  patterns  and  die  loadings.  The  forging  parameters  can 
then  be  optimized  in  such  a  way  as  (o  produce  the  desired  structure  in  only  a  limited  number  of  trials.  This  piqrer  describes  a  model 
which  has  been  developed  for  axi-sytnntetric  forgings  in  supenlloys.  The  model  is  applicable  to  fast  and  slow  forgings  and  to  hot 
and  ctdd  die  practice,  but  the  ptesrat  work  describes  its  use  for  isothermal  slow  rate  conditions.  The  material  considered  is  a 
particular  diK  superalloy  but  the  general  methodology  is  aiqrlicable  to  other  alloys  of  the  same  generic  class. 

2.  THE  GENERAL  PROBLEM 

The  general  forging  problem  is  illustrated  in  Figure  1.  A  voluttre  of  metal  V  at  some  initial  temperature  is  forged  between 
dies  represented  by  W.  In  some  cases  the  velocity  of  the  dies  is  specified  and  in  others  the  total  die  forces  ate  given,  or 
occasknally  a  mixtate  of  both  boundary  conditions.  The  material  in  V  undergoes  strain  by  a  visco-plastic  flow  process  and  since 
the  plastic  strains  which  ensue  are  large,  elastic  effects  during  the  forging  can  be  ignored.  However,  during  eventual  release  of  the 
foij^g  loads,  when  strains  are  small,  elastic  effects  become  important  a^  have  to  be  calculafed  SnrftKes  of  the  work-piece  such 
as  □  are  in  contact  with  die  dies  whereas  surfaces  such  as  S  are  free  to  move.  There  are  tcsoictions  to  movement  over  surfaces  Q 
and  these  can  be  either  of  the  sticking  or  slip^g  frictioa  kiiids.  The  whole  defortnatioo  process  is  tranrient  so  that  not  only  does 
the  st^  of  the  defomiing  body  change  with  time  but  also  the  extents  of  the  sinfaoes  Q  and  S  and  possibly  their  frictional 
oondilions. 

As  well  as  the  deformation  process  being  transfeat,  time  dependent  changes  generally  occur  in  the  thermal  fields.  Thus  it 
is  possible  that  the  dies  and  woclqiieGe  m»  not  be  initially  at  the  same  temperature  so  that  coodnetion  across  Q  changes 
tenmcnnires.  Shnilarljr  surfaces  of  the  type  S  will  hue  beat  I7  tadiatioa  and  convection.  During  straining,  considerable  internal 
work  is  genoa^  wHmn  the  workpiece  and  at  die  frictional  interfree,  and  most  of  this  is  immediately  converted  into  heat  Since 
deformation  is  inhonoogeneous,  so  u  heat  generation,  and  a  full  tnnsiem  heat  flow  analysis  is  required. 

If  these  conditiaos  fully  snminarize  the  forgiiig  process  then  the  numerical  tedmiques  available  make  the  solution  of  the 
boundary  and  initial  value  proUam  relativ^  ritnpfe.  However,  ftatfaar  compKoetions  are  mtrodneed  by  the  physical  deformation 
properties  of  the  forged  maietfal  Thus  the  flow  stress  of  the  masetial  will  be  dnendeiH  not  onfy  on  stnm  but  also  on  strain  rate  so 
diat  the  flow  is  strongly  non-linear.  TUs  necessitsKs  the  use  of  iterative  procedures  m  solve  the  forging  problem.  In  addition,  the 
Qow  properties  will  generally  be  very  temperature  droeodent  and  since  the  deformation  itsdf  generaies  heat  and  leads  to 
lemptuelure  change  the  whole  probtem  is  stim^  coupted.  This  oomling  is  not  only  thetmaL  At  de  microstnictutal  level,  the 
material  may  undergo  various  metaOntgical  chan^  during  and  imme&ttely  after  fbiming,  and  it  is  important  to  be  able  to  predict 
such  changes.  Not  only  are  such  changes  strain,  strain  rate  and  temperature  sensitive  but  they  alter  die  flow  stress,  thus  leading  to 
further  coqiling. 
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The  techniques  described  here  for  nunmicai  analysis  of  this  complex  process  are  based  on  finite  element  methocb.  The 
al»ve  description  of  a  transient  process,  where  importance  centres  on  the  current  strain  rates,  strains,  temperatures  and 
microstructuies  of  individual  parts  <»  the  body,  dictates  the  use  of  a  Lagrangian  meshing  scheme  fcv  solution.  Thus  finite  element 
nodal  points  are  considered  to  be  attached  to  the  forged  material  and  move  with  it  As  positions  are  incremented  with  respect  to 
time,  mey  carry  with  tiiem  the  history  of  the  element  with  respect  to  strain  and  temperature  and  this  allows  ^  progressive  change 
in  the  microstructuie  to  be  assessed  during  forging.  The  genoal  philosophy  of  die  finitt  element  scheme  is  illustnued  in  Figure  2. 
The  model  begins  by  assigning  nodal  coHordinates  and  temperanires  within  the  forging  and  guessing  nodal  velocities,  llie  true 
velocities  are  then  calculated  in  an  iterative  manner  by  the  visco-j^astic  mechanical  model  and  on  convergence,  the  current 
stresses,  strain  rate,  heat  evolution  rues  and  taqieranire  change  rates  are  dettnnined.  The  nodal  posititms  and  ttmperuures  are 
thra  updated  by  a  Euler  scheme  with  a  suitable  time  step.  The  new  nodal  poritions  and  temperatures  are  Chen  used  as  the  starting 
points  for  a  second  iteration  and  the  process  continued  until  the  required  forging  strain  is  acUeved.  Since  a  Lagrangian  scheme  is 
used  a  check  can  be  kept  on  metallurgical  changes.  Each  of  these  components  of  the  model  will  now  be  descriM.  In  the  analysis 
preseriU;J.  repealed  :»ubscripui  i  and  j  imply  summation  over  the  u>-oidiiuiie  directions  i  and  j,  and  subscripts  following  a  coinma 
UDply  partial  differentiation. 

X  THE  CONSTITUTIVE  EQUATION  AND  METALLURGICAL  STRUCTURE  EVOLUTION 

llie  constitutive  equation  for  metal  flow  is  central  to  the  development  of  a  realistic  model.  Hot  f«ged  metals  may  be 
coasidoed  as  having  mecHanical  properties  which  are  goverried  by  a  visco-plastic  flow  rule.  The  current  stress  state  does  not 
govern  the  current  state  of  strain  but  o^y  the  current  strain  rate.  Then,  as  a  geiieral  fonnulation,  the  stress  tensor,  is 


Otf  (la) 

where  ^  is  the  strain  rate  tensor,  and  s,,  s,, ...  s.  are  suitable  structural  pararrteters  such  as  grain  size,  dislocation  density,  defect 
structure  and  so  on.  For  the  constitutive  m^l  to  be  con^ilete,  the  growth  of  each  these  structural  p^t  with  deformation 

must  be  known  so  that  equation  la  ouist  be  supplemented  by  a  further  equatiem  set  the  fnm 


^  =  . s, . O  (lb) 

with  one  such  equation  for  each  of  the  parameters  /  -  I,n.  If  the  full  equation  set  is  known,  then  it  provides  not  only  a  method  of 
rela^g  o«  to  ^  but  also,  through  the  integruion  of  equation  lb  a  means  of  tracing  metallurgical  structure  development  through  the 
forging,  unfortunately,  the  complete  material  behaviour  as  outlined  in  equation  1  is  rarely  known,  and  more  empirical  methods 
must  be  used  Thus,  for  instvice,  many  of  the  structural  parameters  are  strongly  strain  dependent  and,  at  least  for  supeialloys,  can 
be  replaced  simply  by  strain.  This  procedure  will  be  refentd  to  more  fully  in  section  5. 

It  is  generally  accepted  that  material  behaviour  is  closely  described  by  the  Levy-Mises  equations  so  that 

(2) 


where  X  is  a  suitable  (non-constant)  propextionaUty  factor  and  is  the  deviamric  stress  defined  as 

and  =  a^j)  (3) 

and  p  is  the  mean  stress  •  (cr^.  X  is  a  function  of  the  current  stress  and  strain  rate  state  and  equation  2  can  be  written  conveniently 
as 

=  (4) 

where  I  and  o  are  the  effective  strain  rate  and  effective  stress  re^)ective1y.  These  are  defined  as 

With  these  rearrangements,  the  constitutive  equation  la  can  now  be  regarded  as  a  relationship  between  the  effective  strain 
rates  and  stresses 


<r=A(E,r,j„...,i„...i.)  (6) 

4.  MECHANICAL  MODEL 
4a.  General 

The  material  in  the  forging  zone  is  assumed  to  flow  accoiding  to  equation  4  and  elastic  deformation  is  assumed 
unimponant  At  some  stage  in  the  quasi-static  process  a  boundary  value  problem  has  to  be  solved  with  the  initial  conditions  of 
inhomogeneous  strain  and  temperature  throughout  the  body  being  known.  On  some  part  of  the  surface  Q  in  contact  with  the  dies 
the  velocities,  ^  will  be  prescribed  whereas  on  the  remainda’  of  the  contact  surface  the  traction  F  will  be  specified.  Equilibrium 
and  compatibiUty  equations  with  respect  to  stress  and  strain  will  be  satisfied. 

Neglecting  body  and  material  convective  forces,  the  equilibrium  equations  become 
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a,,  =  0  (7) 

aod  for  an  arbitrary  perturbation  of  the  velocity  field 

|<jj^Su,dV  =  0  (8) 

By  using  tbe  divergence  theoiem.  symmetry  of  the  stress  tensor  and  imposing  Su, »  0  on  essential  boundary  omditicMis  the  virtual 
work  statement  is  obtained 


Ja^S^<<V-^F.Sn<<Q,  =  0  (9) 

For  hot  deforming  rnetnl,  rh-m  is  no  change  in  volume  so  that  the  material  must  remain  incompressible.  Thus  equation  9  becomes 


|<j'^fi^dV  +  |p6^dV-^F.fiM,dfV  =  0 

subject  to  the  constraint  J‘€^dV'  =  0 
and  where  o'j  and  ^  are  related  through  equation  4. 


(10) 

(11) 


4b.  Diacrctization 

It  is  assumed  that  the  body  is  divided  into  finite  elements  connected  only  at  the  nodal  points.  In  the  programme  suite  the 
elements  are  eight-noded  quadratic  iso-parametric  elements.  At  the  elemental  level,  the  velocity  field,  [uj,  is  approximated  by 


[uj  =  [wflvj  (12) 

where  [u]  is  the  vector  of  nodal  point  velocities  and  [N]  the  shape  function  matrix.  In  vector  form,  the  strain  rate  tensor  becomes 

[k]  =  [B\[M]  (13) 

where  [B]  contains  the  necessary  spatial  derivatives  of  tbe  shape  functions.  Tbe  effective  strain  is  given  by 

i=((ef(Dr(el)*={[»f(Bf(Df[Z)][B)[\)))’=([t>flf‘fl/’)M)‘  (14) 

Substitution  into  equations  10  and  U  and  assembling  over  all  m  elements  yields 


lFl[tiJ<^V-Jl^)[F'l<<0-t- 


=  0 


(15) 


and  J(v]''(BlMCl<fV  =  0  (16) 

The  last  term  in  equation  IS  ensures  that  the  material  remains  incompreuible  and  corresponds  to  the  penally  function  ..  rtbod  of 
ensuring  the  constant  volume  constrainL"’  Equatitn  15  represents  a  non-linear  set  in  tbe  nodal  velocities  and  these  must  be  solved 
iteratively  for  given  element  geometiy. 

4c.  Boundary  Conditiqiis 

If  sticking  friction  of  boundary  nodes  is  assumed,  then  boundary  conditions  present  no  difficulty  since  they  are  merely 
ascribed  the  relevant  die  velocity.  Under  slipping  fiktion  conditions  the  otuatxm  is  not  so  straightforwaid.  The  application  of  a 
Coulomb  friction  condition  leads  to  unsymmetric  matrices  and,  instead,  a  friction  factor  defined  by 


(17) 


is  used  where  x  is  tbe  shear  frictioo  stress.  Difficulty  arises  when  a  point  of  reversal  of  velocity  between  die  and  workpiece  creates 
a  singoMty.  Since  the  point  of  reveraal  is  not  known  in  advance  the  abrupt  i^gc  which  occurs  during  iteration  leads  to 
ill-coaditiooing.  To  av^  this,  equation  17  has  been  replaced  by  a  are  tangent  function^,  yielding 


ni<rr2  -1  til  1  ,,,, 

T=—  -tan  — p-;  (18) 

2  L*  altilj 

where  i\,  is  the  relative  vekicity  between  die  and  workpiece,  a  ia  a  constant  and  v  the  dh.  velocity. 

A  frinber  restriction  is  placed  on  smfsce  nodal  velodlks  by  die  necessity  of  ensuring  tint  those  nodes  in  compiesrive 
contact  with  the  dies  move  in  a  direction  pardlel » the  diea.  In  die  frxging  model,  die  profiles  are  d^ined  in  a  linear  pi^wise 
fashion  so  that  if  a  node  is  in  contact  with  a  die  fmxt  whicfa  makes  an  an^  g  with  tbe  radial  direction,  then  its  velocities  in  the 
radial  and  axial  directions  must  be  confined  to  be  in  die  ratio  l;cat^. 


4d.  Updating 


For  the  gnieral  focgtng  analysis,  the  above  mechanical  scheme  must  be  supplemented  by  a  transient  thermal  analysis  to 
detennine  temperatuie  change  rates.  This  must  take  into  account  the  internal  heat  evolution  rate  aeo  where  a  ~  0.95.  However, 
for  the  present  isothermal  examples,  no  detailed  analysis  will  be  given. 

At  any  one  updating  point  the  isothermal  model  presents  values  of  the  nodal  velocities.  The  nodal  co-txdinates  can  now  be 
updated  by  a  simple  one-stqt  Euler  scheme  so  that 

xf‘'=x,‘“+u|'>dr  (19) 

At  must  be  chosen  with  due  regard  to  the  following  criteria. 

1)  The  time  stepping  scheme  must  be  numerically  stable  and  At  must  be  sufliciendy  small  to  maintain  as  a  reasonable 
approxitnaiion  tbe  snuiU  strain  atudysis  outlined  in  section  4a.  Experience  shows  that  this  can  be  done  by  limiting  the  maximum 
element  strain  per  increment  to  less  than  0.05. 

2)  During  an  updatiog  step,  the  velocity  of  a  node  already  in  contact  with  the  die  may  be  such  that  it  is  in  danger  of 
leaving  a  linear  die  facet  and  joining  the  next  die  facet.  The  time  step  must  be  chosen  so  that  the  node  only  just  enters  the  new 
linear  die  facet. 

3)  During  an  update,  the  nodal  velocity  of  a  surface  node  not  already  in  contact  with  the  oie  may  make  it  pierce  a  die  facet. 
The  time  step  must  then  be  chosen  to  allow  the  node  to  just  touch  the  die  facet 

After  a  series  of  time  steps,  some  elements  may  become  sufficiently  distorted  to  yield  difficulty  either  with  accuracy  or  in 
Inverting  the  Jacobean  matrices  for  the  iso-parametric  representation.  If  this  occurs,  the  mesh  must  be  re-drawn.  The  cunent 
informadon  about  strain,  temperature  and  metallurgical  structure  must  then  be  interpolated  onto  the  new  mesh.  Routines  within  the 
ptogtamme  must  allow  this  re-meshing  to  be  done  automatically  using  the  element  quadradc  shape  funedons  as  interpolating 
polynomials. 

S.  A  PRACTICAL  CONSTITUTIVE  RELATIONSHIP 

The  mechanical  and  microstruciural  data  required  for  the  reladonships  presented  in  section  3  can  only  be  obtained  by 
recourse  to  experimental  work.  The  section  describes  such  experimentation  and  its  analysis  for  one  disc  supetalloy. 

Mechanical  testing  has  been  carried  out  by  the  compression  of  glass  lubricated  cylindrical  specimens  in  a  hot  die  furnace 
The  tests  are  true  constant  strain  rate  tests  and  the  relevant  true  strain  curves  can  be  calculated  fwa  the  load-displacement  values. 
Each  test  is  carried  out  at  constant  strain  rate  and  temperature  and  a  range  of  tests  (usually  covering  temperatures  between  900PC 
and  1 150“C  and  strain  rates  between  1(H-'  and  lOOs  ')  is  r^uited.  A  typical  set  of  stress-strain  curves  are  shown  in  Figure  3.  For 
supetalloys,  all  the  curves  show  the  same  shape.  There  is  a  reasonably  distinct  yield  stress  (tJ,)  followed  by  a  period  of  work 
hardening  to  a  maximum  stress  at  a  stress  and  strain  value  o,,  e.  This  is  followed  by  a  period  of  softening  or  constant  stress  which 
has  a  stress  value  of  a,  at  some  large  strain  (say  e  =  0.4).  The  work  hardening  section  of  the  curve  is  well  represented  by  a  second 
order  polynotrtial  in  strain  whereas  the  softening  portion  is  reasonably  linear.  Thus,  for  a  variety  of  initial  conditions,  stress-strain 
curves  can  be  deflned  by  the  quantities  0„  o,,  a,  and  ^  If  these  have  a  systematic  variation  with  strain  rate  and  temperature  then 
they  form  a  good  basis  for  a  mechanical  constitutive  relationship.  Various  relationships  have  been  proposed  but  the  most 
satisfactory  appears  to  be 


Figure  4  shows  a  typical  fit  for  a,  and  t^  Thus  each  of  the  stresses  o,,  o,  and  o,  can  be  represented  by  equation  20  with 
different  values  of  the  constants  a.  A,  Q  ^  n.  ihete  is  considerable  evidence  for  steels^  and  tor  supetalloys  that  e,  the  strain  at 
maximum  stress,  is  related  to  testing  conditions  by  an  equation  of  the  form 

£,  =  B^'exp^^j  (21) 

and  Figure  5  shows  a  typical  fit  Although  knowledge  of  all  the  various  constants  described  allows  any  stress-strain  curve  to  be 
constructed,  this  is  not  a  full  oonsiitutive  equation  since  it  does  not  prescribe  the  path  to  be  foUoi^  in  moving  fiom  one 
stress-strain  curve  to  another.  This  would  normally  be  achieved  by  a  knowledge  of  structural  parameters  However,  careful 
experimentation  using  strain  rate  and  temperature  chan^  testing  suggests  that  there  structural  parameters  can  be  lepla^  with 
good  accuracy  by  the  quantity  strain  (i.e.  a  strain-hardening  rule).  It  is  then  sufficient  m  note,  finally,  that  the  compressive  strain, 
snain  rale  and  stress  are  numerically  equal  to  the  effective  strain,  strain  rate  and  stress.  All  parameters  may  be  grain  size  dependent 
but  this  effect  seems  lo  be  small  in  supetalloys. 

Although  the  replacement  of  structural  terms  by  strain  in  the  mechanical  equation  of  state  is  a  considerable  convenience,  it 
has  the  disadvant^  of  removing  the  pombility  of  using  the  constitutive  equation  to  follow  structural  evolution.  This  information 
must  now  be  obtained  by  separate  experimentation.  The  forged  structures  of  the  specunens  deformed  to  a  strain  of  O.S  in  the  tests 
described  above  cw  be  investigated  sinw  tbey  ate  oneoched  after  forging  within  2  seconds.  The  structures  show  a  systematic 
variation  with  testing  conditions.  There  is  always  a  degm  of  dynamic  teaystcllization  leading  to  a  reduction  in  grain  size  ftom 
the  initial  ASTM  1.  The  ftaction  of  lecrystallization  increases  with  increasing  strain  rate  at  constant  temperature  and  with 
increasing  temperature  at  constant  strain  rate  (Hgute  6).  b  addition  the  recrystaUired  gram  size  changes  with  testing  conditions, 
higher  tempetmiresgivug  larger  grab  sizes.  Ananalysisof  the  lesiills  suggests  that  fora  strBbofO.5,  the  recrysiallized  grab  size 
M  (ASTM  number)  is  given  by  (Figure  7) 
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The  isfonniiioa  cooiained  in  the  teen  described  above  doei  not  yield  direct  knowledge  of  the  Idnedcs  of  the  dynamic 
leaysiallization  process.  Such  data  can  be  obtained  ban  tests  to  imaller  overall  strain  and  a  series  of  such  tests  are  illustrated  in 
Figme  8.  Seven!  conclosioos  can  be  dnwn  6om  these  tests.  Fcr  all  tests  conducted  at  strains  less  than  the  strain  tnaximutn.  e,,  no 
recrystallization  is  ever  observed.  For  strain  gtealer  than  ^  there  is  always  lecrystallization  and  except  for  strains  very  close  to  E,, 
the  grain  size  of  the  dynamically  lectysesllized  legioot  is  teaaooably  constant  and  equal  to  that  de^bed  by  equation  22.  The 
volume  fiactxn  lecryscUlized  at  strain  e  is  a  fiinctiao  only  trf  e  -  e,  to  that  the  important  variable  in  the  kinetics  of  recrystallizatioa 
is  sttain  and  not  time.  This  is  supported  by  the  fact  that  volume  tractions  lecryisallized  at  a  strain  of  0.5  inctease  with  strain  rate 
even  though  tunes  for  deformatkin  decrease.  Sevend  possibilities  ate  now  available  to  describe  the  Idnedcs  of  leaystallizadon. 
Detailed  expeiitnera  on  partially  itcrystallized  material  suggest  that  once  lecrystallizadon  has  commenced,  then  new  grains  can 
appear  anywhere  in  the  structure  (i.e.  in  recrystallized  or  non-iectystailized  areas)  and  on  this  basis  it  is  possible  to  define  an 
instantaneous  rate  of  recrystallizadoo  with  reflect  to  strain,  dr/de,  which  is  a  function  of  the  cunent  temperature  and  strain  rate 
only.  The  variation  is  given  by  (Figure  9) 

At  any  time  step  updating,  the  foiging  model  can  now  calculate  changes  in  metallurgical  structure.  Thus  at  the  start  of  an 
increment  the  volume  fiction  recrystallized  be  f,  and  at  the  end  f,  where 

/.=  l-(l-/.)exp(-/Mr)  (24) 

where  r  is  given  by  equation  23.  The  volume  fraction  (f,  -  f,)  will  have  grain  sire  given  by  equation  22  so  that  the  cunent  grain 
size  distribution  can  also  be  updated.  If  the  volume  fraction  of  grains  of  size  M  =  i  [i  =  0  14]  is  h,  at  the  start  of  an  increment 

then 


w 

5;h,  =  i 

■  «a 

At  the  end  of  an  increment  where  there  has  been  a  volume  fraction  recrystallized  equal  to  A/(=  rcAi)  at  grain  size  ASTM  =  M,  the 
grain  size  distribution  will  be  g  where 


g,  =  />.(l-4/)  i*M 

g,  =  Ml-&f)  +  dt  i=M  (25) 

i.  EXAMPLE  FORGING 

This  section  describes  results  from  a  modelling  of  a  typical  disc  forging.  The  piecewise  linear  die  representation  and  the 
initial  billet  mesh  geometry  are  shown  in  Figure  10.  Tire  forging  has  a  volume  of  O.OOTSm’  and  is  conducted  isothermally  at  1050° 
C.  Various  mesh  deformation  stages  and  microstructure  development  are  shown  in  Figure  II.  As  with  any  finite  element  model, 
there  is  far  more  information  (with  respect  to  stress,  die  loads,  grain  size  distribution  etc.)  available  than  summarized  in  the  figures, 
but  several  points  are  of  interest.  It  is  clear  that  die  geometry  has  a  marked  effect  on  dynamic  recrystallization.  Thus  die  corners 
which  are  exmvex  to  the  die  interior  markedly  increase  recystallization  compared  to  the  average  values,  whereas  die  comers  which 
are  concave  have  the  reverse  effect 

7.  CONCLUSIONS 

The  model  described  in  the  paper  has  been  applied  to  a  wide  range  of  forgings  in  several  different  supcralloys,  and  has 
been  shown  to  yield  good  predictions  of  forging  flow,  d»  load  and  metallurgical  structure.  It  has  the  advantage  that  the  coding  has 
been  written  especially  to  run  on  micro-computers  and  the  whole  analysis  can  be  run  on  a  desk-u>p  PC  with  a  minimum  of  5I2k 
RAM.  If  the  computer  contain  a  Maths  processor  then  each  time  step  takes,  on  average,  30  minutes,  and  the  example  forging  was 
completed  in  23  increments.  The  use  of  larger  computers  is,  of  course,  quite  possible  and  this  will  increase  the  spe^  of 
calculation. 
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Figure  3.  Compressive  stress/sr  rain  curves  at  constant  temperature 
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Figure  S.  Variation  of  strain  to  tnaximum  stress  (Cj)  with  strain  rate  (e)  and  temperature  CT) 
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Figure  7.  Variation  of  ASTM  grain  size  (M)  with  temperature  CT)  and  strain  rate  (O  at  a  strain  of  O.S 
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Figure  8.  Microstnictures  of  specimens  tested  to  various  strains  at  constant  temperature  and  strain  rate, 
a  «  0.05  strain,  b  •  0.10,  c  •  0,20,  d  ■  0.10,  e  «  0.40,  f  •  0.50,  i - 1 
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ABSTRACT 

A  computer  program  fot  the  simulation  of  hot  forging  of  metal  powder  was  developed 
using  finite  element  technique.  The  constitutive  equation  for  powder  behaviour  includes 
viacoplaatic  effects  and  porosity.  The  relationship  between  flow  stress  Oeq 
equivalent  attain  rate  is  : 


tensorial  relationship  : 


tr  c  I) 


f  are  coefficients  depending  on  p. 

This  model  involves  also  unilateral  contact  conditions  and  friction  with  the  dies. 
A  remeahing  module  permits  the  calculation  of  very  large  deformation  with  complex  dies. 

This  simulation  program  is  applied  to  thw  forging  of  an  automotive  part.  The 
simulation  allows  to  optimize  the  dies  geometry  to  achieve  complete  densif ication  and 
good  strain  range  everywhere  in  the  worked  piece. 
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And  the  law  used  in  our  model  follows  the 
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where  p  is  the  relative  density  and  c  and 


INTRODUCTION 


The  powder  route  is  now  a  way  often  used  to  form  parts  with  new  materials  or  with 
Improved  metallurgical  properties.  The  hot  forging  process  applied  to  powder  compacts  is 
interesting  in  many  ways  s 

-  the  compacted  preform  is  heated  and  rapidly  forged  in  a  closed  die  to  full 
densi f icat ion  and  final  shape  ; 

-  oroductivlty  can  be  large  ; 

-  the  microatructural  characteristics  of  the  initial  powder  are  maintained. 

A  computer  program  simulating  the  hot  forging  of  metali  FUKUEZ,  was  developped  in 
the  CEHEF  laboratories  il|2].  This  program  is  now  industrisly  used  to  optimise  the 
forging  sequences  for  two  dimensional  or  axisymmetrical  cases  (no  geometrical  defects 
like  folding,  good  die  filling,  homogeneous  total  strain,  ....).  The  aim  of  this  paper 
is  to  present  the  constitutive  equations  applied  to  the  simulation  of  the  not  metal 
powder  flow  and  densification  and  the  characterization  method.  These  equations  are  used 
into  a  modified  version  of  F0RGC2.  Two  forging  examples  with  an  aluminium  powder  are 
then  studied  to  demonstrate  the  validity  and  possible  use  of  the  program. 

2.  CONSTITUTIVE  EQUATIONS 


2.1.  Rheology 

The  classical  approach  to  study  the  rheological  behaviour  of  dense  and 
incompresaible  materials  is  to  apply  the  Von  Misds  plasticity  theory.  It  allows  to 
determine  an  equivalent  stress  OQq  associated  with  the  flow  of  the  material.  The 
relationship  between  the  equivalent  strain  rate  e^q  and  the  equivalent  stress  oeq  Is 
the  rheological  law.  •  ^ 

During  the  forging  of  a  powder  material,  that  material  flows  to  fill  the  dies  while 
its  density  increases.  For  that  reason,  the  equivalent  stress  must  be  a  function  of  the 
density  variations  and  must  reduce  to  the  classical  dense  expression  when  the  material 
is  fully  compacted.  Many  approaches  have  been  developed  to  describe  the  plastic 
deformation  of  powder  material  at  a  microscopic  level,  but  they  do  not  allow  a 
mechanical  formulation  suitable  for  the  simulation  of  material  forming. 

A  new  approach  has  been  defined  The  material  is  considered  as  an  homogeneous 
medium  caracterized  by  its  relative  density  p  instead  of  an  heterogenous  set  of 
individual  particles  and  poraa.  We  define  an  equivalent  stress  with  the  isotropic 
invariants  of  the  Cauchy  streas  tensor  : 
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The  knoMledge  of  the  c(p)  and  f(p)  functions  enables  then  the  determination  of  tne 
poMder  rheological  behaviour. 

2.2.  Friction 


Friction  is  the  kay  contiolling  phenomenon  for  die  filling.  In  order  to  simulate 
that  aspect,  the  friction  is  introduced  in  the  model  with  a  shear  stress  x  on  the 
product/tool  interface,  dy  analogy  with  the  viscoplastic  potential,  we  can  define  a 
friction  potentiel  such  as  : 


where  Vg 
T  hus  : 
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is  the  relative  sliding  velocity 
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3.  TINE  AND  SPACE  DISCRE TIZATIOW 
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During  forging,  inertial  forces  can  be  neglected  and  the  transient  phenomenon  is 
then  studied  as  a  sequence  of  quaai-stationnary  states.  At  each  time  increment,  on  a 
well  known  geometry,  the  problem  consists  in  calculating  tne  velocity  field  by  solving 
the  equilibrium  equation  together  with  the  behaviour  law  and  the  friction  law.  This  set 
of  equations  is  condensed  into  a  variational  principle  wich  allows  the  velocity  field  V 
to  be  calculated  from  a  family  of  fields  satisfying  the  boundary  conditions.  Tlie  problem 
consists  in  minimiring  the  functional 

4  (V)  =  i  ♦(V)  dQ  +  J  ♦f(v)  dr  (13) 

”  0  r  “ 

with  respect  to  V.  The  minimization  is  achieved  on  the  domain  Q  by  tne  finite 
element  method.  The  Q  domain  is  discretized  into  finite  elements.  Thus,  to  obtain  the 
minimum  of  the  functional,  we  have  to  solve  a  set  of  non-linear  algebraic  equations. 
That  la  done  by  the  classical  iterative  Newton-Raphson  method. 

The  discretized  geometry  at  time  t>6t  is  updated  as  a  fonction  of  the  geometry  at 
time  t  and  the  velocity  field  Vt  at  this  time  with  an  explicit  integration  scheme  . 

It+it  *  It  *  It  'it  (14) 

Finally,  for  the  forging  problem,  we  have  to  introduce  the  contact  evolution.  This 
Involves  two  main  parts  : 

-  a  material  point  comes  into  contact  during  the  time  step  y 

-  a  point  previously  in  contact  becomes  free. 

For  the  first  problem,  the  difficulty  lies  in  the  explicit  time  integration  seneme, 
wich  allows  the  material  point  to  penetrate  the  die.  To  avoid  this,  the  penetrating 
point  is  projected  orthogonally  onto  the  die  aurface.  For  the  second  problem,  a 
condition  on  the  normal  contact  stress  is  used.  If  we  have  a  compressive  stress,  the 
material  point  is  restricted  to  slide  on  the  die.  There  is  separation  for  a  traction 
stress. 


4.  POWDER  CH4fl4CTE«I24TlOW  METHOD  l».6l 
4.1 .  Basic  equations 


To  determine  the  powder  material  rheology,  laooratory  mechanical  tests  are 
conducted  for  simple  geometry  parts  using  homogeneous  strains  and  stresses  assumptions. 
Cylinder  dens i fleet  ion  can  be  considered  in  the  following  three  esses  : 


P  by 


a)  Hot  Isostatlc  Pressing  (Hip) 

The  dens i f icat ion  rate  p  can  be  expressed  as 

n*1 

J  =  3  p  A  (f)  ^  p" 


a  function  of  the  applied  pressure 


(15) 


b)  Uniaxial  closed  die  pressing 


In  this  case,  the  densif ication  rate  is  related  to  the  axial  strain  rate  V/h  (V:rem 
velocity,  h;cyiinder  height),  assuming  that  friction  can  be  neglected.  Thus  : 
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n+1 

p  =  p  V/h  =  pA  (f_£l)  ^  P"  (Ip) 

4f  +  C 

c)  Cylinder  upsetting  (assuming  no  barelllng) 

For  this  test,  both  load  and  diameter  can  be  measured  during  upsetting  at  constant 
ram  velocity  V.  Thus,  two  relations  are  obtained,  one  for  the  upsetting  pressure  P  and 
the  other  one  for  the  apparent  Poisson's  ratio  v  =  ^rr^^z^  ’  radial  strain 

rate,  e2z  *  strain  rate). 

n+1 

1  =  A  (c.f)~ 

h 

V  = 

2(c.f) 

4.2.  Experimental  procedure 

The  viscous  flow  law  can  he  determin'd  in  some  cases  on  fully  densified  specimens 
(if  available)  by  simple  tensi'  or  t^rs  on  testing  at  various  strain  rates.  If  the  full 
density  cannot  be  achieved,  the  . Ic  law  '•an  be  fitted  directly  on  non  dense  specimens, 
together  with  c  and  f  functions.  yo  ,^al  experimental  procedure  involves  senes  of 

tests  on  cylindrical  specimens  with  various  initial  relative  density  pu .  The  test  must 
be  stopped  before  a  to  large  increase  in  relative  density,  in  order  to  yet  rheological 
characteristics  for  the  pu  value. 

For  HIP,  the  pressure  P  is  the  imposed  parameter,  whereas  for  uniaxial  closed  die 
or  free  compression,  it  is  the  ram  velocity  V.  Series  of  test  with  various  P  or  V  must 
be  carried  out.  The  slope  of  the  p  vs.  P  or  V  vs.  P  logarithmic  plots  gives  n  value,  m 
can  be  determined  by  plotting  p/popf^  (for  HIP)  or  V/h  (fnr  uniaxial  compression) 

as  a  function  of  pu  and  extrapolating  this  curve  to  Po-l»  From  these  rheological 
parameters  A  and  n,  equation  (13)  gives  f(po)  For  HIP  whereas  equation  (1b)  gives  only  a 
relation  between  c(po  )  and  f(py).  It  appears  that  neither  HIP  nor  closed  di'-  compression 
can  give  the  whole  set  of  material  parameters.  Cylinder  upsetting  with  apparent 
Poisson's  ratio  measurement,  if  possiole,  is  the  most  attractive  test  metnod  oecause  it 
enables  to  identify  all  parameters  using  equations  (17)  and  (1b). 

The  variations  of  the  c  and  f  fonctions  with  relative  density  are  generally  well 
described  by  an  hyperbolic  law  with  an  asymptote  for  a  minimum  density  Pmini  * 


(i») 

P“Pmini 

f  =  K,  ’  -  P 

(ill) 

P'Pmin  i 

(17) 

(la) 


Thus,  we  have  the  relationship  ; 

c  =  1  +  {i  f 

Our  results  on  different  materials  tend  to  indicate  that  the  [3  factor  would  oe  a 
constant  depending  essentially  on  powder  morphology  and  granulometry. 

4.3.  Discussion  of  the  assuaptiona 

The  principle  of  the  simple  method  here  exposed  is  that  the  material  is  and  remains 
homogeneous  throughout  the  tests  anq  is  submitted  to  a  simple  stress  state  constant  in 
all  specimen  (pure  Isostatic  pressure  with  absence  of  friction).  That  can  oe  not 
verified  for  particular  conditions.  In  these  cases,  the  computer  simulation  can  oe  used 
to  fit  A,  n,  Ki ,  and  Pmini  parameter  on  experimental  results  themselves. 

5.  WUMEWIC4L  SIMULATION 


5.1.  Cylindrical  sample 


The  specimen  geometry  (initial  0u=yb  mm,  hy=3U  mm  and  final  form  kjf=11b  mm, 
hf=17mm)  is  given  on  figures  1  and  2  with  the  initial  mesh  and  the  defonneo  one.  The 
material  constants  used  for  the  forging  computation  are  listed  below  (for  an  rtl-4:«Cu-bi 
Mg  alloy  at  300  ®C)  : 


K  s  34.3  (units 

:  MPa,  seconds) 

m  =  p  =  0.074 

•  a  =  10.9 

Pni n i  “  0.64 

•  Kj  =  4.57 

•  =  0 . 
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The  initial  relative  density  is  U.BO  and  the  upper  die  speed  is  assumed  to  oe 
constant  equal  at  360  mm/aec.  The  total  forging  time  is  0.056  sec. 

Figure  3  shows  a  comparison  on  relative  density  evolution  at  the  sample  center  as  a 
function  of  time.  Experimental  evolution  is  almost  linear  throughout  the  forgioj. 
Computation  results  are  in  good  agreement  with  experiment. 

Figure  4a  represented  the  contour  lines  of  the  computed  relative  density  at  o5  ;•  of 
the  total  die  displacement.  Mhen  comparing  with  experimental  yammametry  data  (figure 
4b),  it  appears  that  computation  predicts  the  correct  density  distribution,  with 
underdensi f Icat ion  in  the  peripheral  rone  of  the  sample. 

Figure  5  shows  the  evolution  of  the  forging  load.  Tne  computed  load  is  in  good 
agreement  with  experiment  between  U.U2  and  U.U32  sec.  Initial  discrepancy  can  oe 
attributed  to  mechanical  clearances  compensation.  On  the  actual  forging  press,  the  speed 
decreases  rapidly  at  the  end  of  the  forging  pass  instead  of  the  constant  speed  in  the 
computation.  That  explains  the  final  computed  rapid  evolution. 

5«2.  Connecting  rod 

The  model  is  now  applied  to  the  case  of  a  preform  presenting  some  variation  in  tne 
forging  direction.  It  is  the  AA  section  of  a  connecting  rod  (figure  &),  with  the  plane 
strain  assumption.  Figure  7a  represents  the  initial  mesh  and  the  upper  die  and  figure  7b 
represents  the  deformed  mesh  at  the  end  of  the  forging  (die  displacement  =  2.16  mm  and 
forging  time  =  0.006  sec).  In  this  case,  deformation  and  homogeneous  dens i f i cat i on  are 
simultaneously  researched. 

The  observation  of  the  contour  lines  of  the  relative  oensity  at  time  0.031  sec 
(figure  6)  and  time  0.0054  sec  (figure  9)  indicates  that  the  dens i f icat ion  is  obtained 
by  material  flow  from  the  lowest  section  aera  towards  the  other  section  via  the  joining 
radius.  It  leads  to  inhomogeneous  particle  deformation.  Particle  major  axis  is  given  by 
the  Grain  Aspect  Ratio  : 


GMK  s  (1  ♦  CXX)  /  (!  ♦  cyy)  (2l) 

X  horizontal  axis 
y  vertical  axis 

In  the  fillet  zone,  the  particle  major  axis  is  parallel  to  the  forging  direction 
(GAR<1)  and  perpendicular  (GaR>1)  on  both  sides  (figure  1U). 

The  simulation  program  predicts  here  a  weakness  possioility  in  the  fillet  zone  of 
the  connecting  rod  with  that  forging  preform. 


6.  CONCLUSION 

We  have  described  here  the  powder  hot  forging  process  through  a  viscoplastic  model 
wich  takes  into  account  both  densif icetion  and  material  flow.  It  is  based  on  s  yield 
criterion  for  porous  material  depending  on  relative  density. 

A  computer  program,  based  on  the  finite  element  method,  allows  the  simulation  of 
the  powder  forging  process.  That  program  will  conduct  to  powder  preform  optimization  in 
order  to  improve  the  mechanical  characteristics  of  the  forged  parts. 
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Jigure  7b  -  Conoecting  rod  -  Deformed  mesh  end  die 


figure  8  •  Connecting  rod  **  Computed  relative  density  at  mid  forging 


Figure  9  -  Connecting  cod  -  Computed  relative  density  near  end  of  forging 


Figure  10  -  Connecting  rod  -  Grain  aspect  ratio  at  the  end  of  forging 
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SUMMARY 

This  paper  reviews  the  physical  phenonena  that  occurs  during  metal  deformation  process  of  116242  alloy. 

Data  on  flow  properties  Is  obtained  by  compression  tests.  The  paper  covers  also  the  flow  stress  variations 
with  the  type  of  equipment  used,  deformation  heating,  effects  of  temperature,  strain,  strain  rate  and 
microstructural  variations. 

1.  IhTROOUCTION 

A  large  number  of  aerospace  components  are  manufactured  by  means  of  one  or  more  material-deformation 
processes  followed  by  heat  treatment  and  machining.  This  Is  the  case  especially  for  highly  stressed  critical 
Jet  enginee  and  airframe  parts  such  as  disks,  blades,  and  structural  ribweb  type  components.  The  manufacturing 
cost  of  these  components,  used  In  aerospace  systems,  continues  to  rise.  Therefore,  Innovations  are  being 
sought  to  reduce  the  processing  and  life  cycle  costs  of  such  products  while  Improving  material  utilization 
and  properties.  6uch  Innovations  can  be  achieved  by  the  combined  application  of  materials  science,  mechanics, 
and  mechanical  engineering  dIscIpHnes  to  develop  advanced  metal  processing  techniques,  more  productive  and 
less  costly  than  the  state-of-the-art  methods. 

Recognizing  the  heed  for  Innovative  techniques  In  deformation  processing,  the  U.S.  Air  Force  Initiated 
an  effort  on  processing  research  and  development  (1).  This  effort  Includes  an  appropriate  combination  of 
basic  and  applied  research,  a  coordinated  application  of  materials  data,  process  analysts,  computer-aided 
simulation  of  metal  flow,  and  equipment  behavior  (2).  This  new  approach  Is  expected  to  encourage  Innovative 
approaches  for  the  future  application  and  development  of  metal  forming  technology. 

In  order  to  implement  the  computer-aided  design  and  manufacturing  (CAD/CAM)  approach,  detailed 
mathematical  models  of  the  workpiece  material,  the  forming  process,  and  the  workpiece-tool  Interface 
conditions  are  required.  However,  these  models  did  not  exist  In  a  sufficiently  complete  form.  Hence,  the 
overall  objective  of  this  program  has  been  to  develop  and  verify  the  required  models  and  Integrate  them  to 
form  an  Interactive  computer  program  for  process  design.  The  process  models  have  been  developed  to  a  level 
of  sophistication  sufficient  to  allow  the  control  of  mlcrostructure  and  properties  In  addition  to  the  shape 
of  the  finished  part.  Although  the  methodologgf  is  generally  applicable  to  a  range  of  deformation  processes, 
the  validation  and  application  has  been  restricted  to  the  forging  process  for  a  T1-6Al-2Sn-4Zr-2Mo  (designated 
as  T1-6242  here  after)  turbine  compressor  disk. 

This  program  has  been  conducted  by  a  team  of  Investigators  from  various  universities  and  companies  In 
the  following  five  phases; 

Phase  I-  Material  Behavior  Under  Processing  Conditions 

Phase  II-  Process  Modeling  for  Disk  Type  Forging 

Phase  III-  Interface  Effects 

Phase  IV-  Integration  of  Material  and  Process  Models 

Phase  V-  Property/Microstructure  Relationships  on  the  Forged  Disk 

The  results  of  this  study  have  been  applied  extensively  not  only  to  forging  of  T1-6242  but  also  to 
forming  of  various  other  alloys.  This  paper  Illustrates  the  methodology,  developed  in  this  U.S.  A1r  Force 
study,  as  applied  to  T1-6242  alloy. 

2.  MATERIAL  CHARACTERIZATION 

In  massive  forming  processes  the  workability  and  flow  stress  data  are  important  material  variables 
which  strongly  dedends  on  microstructure  of  a  given  material  composition.  The  size,  shape  and  distribution 
of  the  phases  Is  also  of  great  Importance  In  determining  the  mechanical  properties  of  the  formed  product. 

In  T1-K42  forgings  the  mlcrostructure  of  the  alloy  vary  significantly  with  die  temperature,  strain  rate, 
strain  and  final  heat  treatment. 

To  demonstrate  the  effect  of  preform  mlcrostructure  and  thermomechanical  processing  on  final  mlcrostructure 
uniaxial  compression  tests  were  done.  Data  were  obtained  for  strain  of  e=>0.7  and  strain  rate  of  ExlC'sec 
In  a  pneumatic  press  and  using  SEM.  Threedifferent  sets  of  experiments  were  run  to  compare  the  final 
microstructures  formed.  These  were 

1)  Heat  treatment 
11)  Hot  forging 

ml  Hot  fnmiBo  fniiowed  by  heat  treatment 
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1)  Microstructures  After  Heat  Treatnent 

1.  A1pha«and*beta  microstructure 

Fig.  1.  shows  the  as  received  microstructure  of  alpha-plus-beta  alloy.  Material  has  elongated  alpha 
grains  and  transformed  beta  which  consist  of  Uidnanstatten  alpha-and-beta  phase. 

Heat  treatment  of  alpha-plus-beta  alloy  from  900^C  to  980°C  for  times  upto  8  hours  are  performed. 

The  resultina  microstructures  for  few  characteristic  samples  are  fiven  in  Figure  2.  The  time  at  a  given 
temperature  (upto  2  hours)  did  not  effect  the  microstructure  much.  However»  8  hours  of  heat  treatment  resulted 
in  pronounced  coarsening  of  the  Widmanstatten  alpha  in  the  tnasformed  beta  matrix.  A  similar  effect  on 
microstructure  was  found  with  Increase  of  temperatures  from  900®C  to  980®C. 

2.  Beta  microstructure 

Fig.  3  exhibit  the  microstructures  developed  by  heat  treatment  above  beta-transus  temperatures  of 
1010”C  and  1040°C  for  times  upto  8  hours.  This  treatichit  revealed  only  Widmaistatten  or  basketweave 
microstructures.  Heat  treatmenttime  and  temperature  did  not  influence  the  morphology  of  the  transformed 
phase,  however,  the  beta  grain  size  increased  with  heat  treatment  time  and  temperature. 

ii)  Microstructures  After  Hot  Deformation 

1.  Alpha-plus-beta  preform  material 

The  microstructures  developed  by  hot  deformation  of  alpha-plus-beta  preform  material  below  beta-transus 
was  characterized  with  larger  amont  of  alpha  phase  and  coarse  Widmani^atten  alpha  precipitates  in  the 
transformed  beta  matrix  as  compared  with  non-deformed  preforms.  It  is  clear  that  the  subtransus  deformation 
leads  to  the  development  of  equilibrium  amounts  of  globular  alpha. 

However  hot  working  temperatures  close  to  beta-transus  resulted  in  refined  matrix  phase,  Figure  4 
exhibits  some  microstructures  hot  deformed  alpha-plus-beta  preform. 

2.  Beta  preform  material 

Figure  5  shows  some  examples  of  microstructures  developed  by  deformation  at  temperatures  of  lOlO^C 
to  1040”C,  The  microstructures  developed  in  compression  above  beta-  transus  is  characterized  by  large 
colonies  of  alpha  needles. 

iii)  Hot  Forging  Followed  by  Heat  Treatment 

1,  Alpha-plus-beta  preform  material 

Figures  6  and  7  show  examples  of  the  microstructures  developed  by  post  defomation  heat  treatment 
from  900®C  to  980°C  for  times  upto  8  hours. 

The  Increased  amount  of  alpha  phase  and  coarsening  of  WidFnanstatten  alpha  is  obvious.  The  residual 
hot  work  seems  to  assist  the  microstructure  in  attaining  a  microstructure  close  to  equilibrium  one.  The 
transformed  beta  phase,  either  deformed  or  after  post-deformation  heat  treatment  (close  to  beta-transus) 
consists  of  both  caurse  and  fine  Widmanstatten  alpha  precipitates. 

2.  Beta-preform  material 

The  microstructures  developed  by  post  deformation  heat  treatment  below  beta-transus  for  samples 
deformed  at  lOlO^C  and  1040”C  is  given  Figure  8  ,  in  general  a  coarsening  of  Widmanstatten  or  basketweave 
microstructures  is  obvious. 

Heat  treatments  above  the  beta-transus  results  that  the  structure  transforms  to  single  phase  bcc 
titanium  and  this  phase  reverts  to  fine  acicular  alpha  precipitates  in  large  previous  beta  grains  during 
cooling.  The  above  figures  show  roicrostructurcs  developed  by  post  deformation  heat  treatment  in  the  beta 
phase  field. 

From  the  above  data  it  is  clear  that  a  large  variety  of  microstructures  can  be  obtained  by  various 
thermomechanical  processing,  which  in  turn  would  determine  the  properties  of  the  deformed  product. 


3.  FLOW  STRESS  DATA 

The  flow  stress  data  are  most  commonly  obtained  by  conducting  a  uniform  compression  test  (without 
barrelling)  or  a  torsion  test  at  the  temperature  and  strain  rate  of  interest  (3). 

A  cam  plastometer,  if  available,  «n>uld  provide  a  constant  strain  rate  (t)  during  uniform  compression 
tests.  However,  since  cam  plastometcrs  are  not  readiliy  available,  a  programmable  high  speed  electrohydaraul ic 
testing  machine  (for  example  an  MTS)  or  a  regular  crank  or  eccentiric  driven  mechanical  press  can  also  be  used 
for  obtaining  flow  stres  data  via  uniform  compression  tests. 

The  MTS  machine  is  capable  of  monotonic  or  cyclic  (0.0001  to  50  Hz)  loading  at  cross  head  speeds  of 
2.5  X  10'*  to  50.8  cm/sec.  (10'*  to  20  in. /sec.).  Using  a  custom  mede  RC  (Resistance-Capacitance)  electrical 
circuit  it  is  possible  to  provide  an  exponential  signal  to  control  the  ram  of  the  MTS  to  obtain  a  constant 
strain  rate  (within  *  3  percent  variation)  during^compression  testing.  In  an  MTS  machine,  cwnpresslon  tests 
can  be  conducted  at  constant  strain-rates  from  lo'*  to  10  sec.'^  .  Usually  a  high  temperature  compression 
fixture,  such  as  that  show  in  Figure  9  is  used  for  conducting  hot  isothermal  compression  test  in  the  MTS(3). 
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The  Mechanical  press  can  also  be  used  to  obtain  flow  stress  data  at  nearly  constant  strain  rates*  In 
the  range  of  r  .  to  20  sec.~  *  (4).  Data  at  various  strain  rates  are  obtained  for  a  given  press  by 
slowing  the  flywheel  to  rotate  at  various  speeds.  For  50  percent  reduction  In  height  of  the  speclnen*  the 
strain  rate  during  unifoni  coaipresslon  tests  In  a  Mechanical  press  remains  nearly  constant  up  to  a  strain 
e  of  approximately  0.4.  Examples  of  a  ~  t  data,  obtained  In  a  mechanical  press,  are  shown  In  Figures 10>  13. 
These  tests  were  conducted  using  a  h1gh>temperature  fixture,  similar  to  that  of  Figure  9.  However,  the 
mechanical  press  fixture  did  not  have  an  Integral  furnace  and  was  heated  outside  of  the  press  prior  to  each 
compression  test  (4,5). 

To  demonstrate  the  ability  to  use  various  kinds  of  equipment  for  flow  stress  determination,  data  were 
obtained  for  the  same  material  and  microstructure  (T1-6242/equ1axed  alpha  microstructure)  In  a  mechanical 
press  and  In  MTS  machine.  These  data  are  compared  In  Figure  U  which  Illustrates  that  there  are  small 
differences  between  these  two  test  results.  Observed  differences  are  a  result  of  test-tO‘test  variations 
of  specimen  composition  (which  was  slightly  different  for  the  two  tests  because  specimens  were  cut  from 
billets  made  from  two  different  heats),  lubrication,  and  specimen  preheat  temperature.  The  latter  point  may 
be  particularly  Important  In  view  of  the  great  temperature  dependence  of  the  flow  stress  that  many  a  5 
titanium  alloys,  such  as  T1>6242,  exhibit  at  hot  working  temperatures.  In  view  of  the  general  agreement, 
however,  it  may  be  concluded  that  both  the  mechanical  press  and  the  MTS  machine  can  be  used  for  obtaining 
flow  stress  data  by  conducting  uniform  compression  tests. 

Flow  stress  data,  available  In  the  literature,  are  always  given  for  a  specific  alloy,  with  known 
composition.  However,  often  the  microstructure  and  the  heat  treatment  of  the  alloy  prior  to  testing  may 
influence  significantly  the  magnitude  and  variation  of  a  -  e  curve.  With  titanium  alloys  and  high  t^perature 
nickel  alloys  especially,  the  microstructure  of  the  material  before  deformation  Influences  considerably  the 
flow  stress  as  well  as  the  flow  Instabilities  occurring  during  plastic  deformation.  Examples  are  given  In 
Figure  10  and  where  the  flow  stress  of  T1-6242  Is  depicted  for  an  equiaxed  alpha  microstructure,  Figure 
10, and  an  acicular,  or  Widmanstatten,  ,  alpha  microstructure.  Figure  deformed  at  the 

same  test  temperature  and  strain  rate.  These  examples  clearly  Illustrate  the  need  for  characterizing  the 
microstructure  In  obtaining  flow  stress  data  for  metals. 

At  a  given  temperature,  the  flow  stress  (d)  may  Increase,  remain  constant  of  decrease  with  Increasing 
strain  («),  depending  upon  the  alloy  and  Its  microstructure.  The  decrease  of  9  with  Increasing  e  can  often 
be  explained  to  a  large  extent  by  the  temperature  Increase  which  occurs  during  the  compression  test.  The 
temperature  Increase  due  to  heat  generation,  a  e,  can  be  estimated  from 

e  o 
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In  equation  (1),  p  Is  mass  density,  c  Is  the  specific  heat,  J  is  the  mechanical  equivalent  of  heat 
and  ®  is  the  portion  of  mechanical  energy  transformed  Into  heat^  a  is  approximately  C.95.  To  demonstrate 
the  effect  of  deformation  heating  on  flow  stress,  a  study  was  conducted,  and  the  flpw  stress  of  various 
high  temperature  alloys  was  determined  in  compression.  It  was  found  that  the  o  •  t  curve  for  403  stainless 
steel  showed  a  gradual  increase  up  to  a  flow  stress  plateau  (the  "saturation*'  stress)  while  that  of  Ti-6A1- 
2Sn-4Zr-2Mo  showed  a  considerable  decrease  with  increasing  strain  (4).  Adiabatic  tenperature  increases 
calculated  with  equation  (1)  showed  that  the  temperatures  of  the  samples  increased  about  125®C  for  the 
titanium  alloy  and  only  about  30®C  for  steel.  Considering  that  the  flow  stress  of  titanium  alloys  Is  much 
more  temperature  dependent  than  that  of  steels,  the  drop  in  the  5  -  £  curve  for  the  titanium  alloy  was 
considered  to  be  due  largely  to  adiabatic  heating. 

A  recent  study  explained  this  phenomenon  more  quantitatively  (5).  Figure  13  shows  the  o  •  e  curves  for 
T1-6242  (equiaxed  alpha^ microstructure)  obtained  with  the  uniform  compression  test  at  the  approximate  strain 
rate  of  4  *  10  sec.”  ‘  .  (The  findings  for  f  *  2  sec."*  were  similar.)  These  data  have  been  replotted  in 
Figure  14to  show  9  as  a  function  of  the  "nominal"  test  temperature  at  given  values  of  e  .  It  apprears  that 
o  is  a  function  of  e  and  temperature  for  a  given  f.  After  calculating  the  temperature  rise  due  to  plastic 
deformation,  Equation  (1),  and  replotting  each  5  data  po1nt_at  the  adjusted  temperature  (snomial  temperature 
plus  temperature  Increase  due  to  deformation  heating),  the  5  versus  temperature  behavior  appears  as  in 
Figure  15.  Because  a  single  9  versus  temperatre  curve  fits  all  of  the  test  data  (except  that  for  e  <0.1 ), 
it  can  be  concluded  that  5  is  independent  of  c  .  In  other  words,  a  high  strain-rate  (>  1  sec."*  ),  "Isothermal" 
o  -  c  curve  for  this  material  would  exhibit  an  initial  zone  of  strain  hardening  followed  by  a  plateau. 

This  behavior  is  the  same  as  that  observed  in  low  strain-rate,  isothermal  testing  of  similar  equiaxed  alpha 
titanium  alloys  and  for  many  other  materials  at  hot  working  temperatures. 


4.  PROCESS  MODELING 

The  physical  phenomena  describing  a  forming  operation  are  difficult  to  express  with  quantitative 
relationships.  The  metal  flow,  the  friction  at  the  die/material  interface,  the  heat  generation  and  transfer 
during  plastic  flow,  and  the  relationships  between  microstructure/properties  and  process  conditions  are 
difficult  to  predict  and  analyze.  Often  in  producing  discrete  parts,  several  forming  operations  (pre-forming) 
are  required  to  transform  the  Initial  simple  geometry  Into  the  final  complex  geometry  without  causing  material 
failure  or  degrading  material  properties.  Consequently,  the  most  significant  objective  of  any  method  of  analysis 
is  to  assist  the  forming  engineer  in  the  simultlon  of  metal  flow  or  process  modelling.  This  objective  is 
best  achieved  by  using  reasonably  accurate  and  inexpensive  computer  software  that  is  developed  for  process 
modelling.  Thus,  forming  experiments  can  be  run  on  a  computer  by  simulating  the  material  flow  at  each  stage 
of  a  forming  operation.  The  results,  I.e.,  position  of  material  boundaries,  strains,  strain  rates,  stresses, 
and  temperatures,  can  be  displayed  on  a  graphics  terminal,  and  reviewed.  If  these  results  Indicate  that 
process  conditions,  e.g.,  deformation  speed.  Initial  material  and  die  temperatures,  lubrication,  and  die 
geometry,  must  be  modified,  this  can  also  be  done  on  the  computer  before  the  dies  are  manufactured  and 
processing  equipment  Is  tied  up  for  physical  die  try-outs.  As  a  result,  the  number  of  expensive  trial-and- 
error  type  experiments  and  the  manufacturing  costs  can  be  reckced  and  part  quality  can  be  controlled. 


In  order  to  model  a  deformation  process,  it  is  necessary  to  have  at  least  three  types  of 

Information: 

a)  The  mechanics  of  metal  flow,  (velocities,  strains,  strain  rates,  temperatures).  For  this  purpose, 
an  FEM  based  code,  such  as  ALPIO,  must  be  available,  (ALPID,  I.e.  Analysis  for  Large  Plastic  Incremental 
Deformation  was  developed  specifically  for  forging  analysis  at  Battelle  Columbus  Laboratories). 

b)  The  boundary  conditions.  (Friction,  heat  transfer  at  material  die  Interface). 

c)  The  material  responce  (constitutive  equations  and  workability  In  function  of  temperature). 

Figure  ISshows  the  distorted  grid  pattern  In  the  quarter  section  of  the  disk  at  various  reductions 
in  height.  It  Is  worth  noting  that  once  the  metal  in  the  rim  region  of  the  disk  touches  the  die  surface, 
the  gap  between  the  die  corner  and  the  workpiece  grows.  This  behavior  in  metal  flow  did  not  change 
significantly  with  increasing  friction.  Further,  the  metal  flow  was  nearly  the  same  for  both  a  +  B  and  6 
preform  microstructures.  Thus,  In  order  to  obtain  corner  fill,  the  simulation  was  continued  with  trapped* 
dies  (Figure  1^.  The  corner  fill  is  obtained  within  a  few  extra  percent  of  reduction.  However,  the  load 
required  increases  rather  rapidly  and  as  compared  to  open  die  forging,  almost  four  times  more  force  is 
required  to  nearly  fill  the  die  corner.  These  observation  related  to  metal  flow  and  forces  were  also  made 
during  the  experiments. 

In  order  to  use  the  modeling  of  forging  to  control  microstructure  and  thereby  obtain  desired  properties, 
one  mustknow  the  distribution  of  deformation  parameters  quantitatively.  Therefore,  the  effective  strain 
and  effective  strain r<ite  distributions  can  be  plotted.  Thus,  the  program  ALPID  is  capable  of  providing 
information  required  for  control  of  mlcrostructure/properties  through  processing. 

The  simulation  of  a  disk  forgin^^ith  flash  is  shown  in  Figure  18  .  This  figure  illustrates  the 
predicted  deformation  pattern  in  isothermal  forging  a  titanium  disk.  The  material  near  the  flash  or  parting 
line  requires  greater  degree  of  freedom  to  accommodate  the  complicated  flow  pattern  near  the  flash  zone. 
Therefore,  two  remeshing  operations  were  necessary  to  achieve  the  final  deformation  shown  in  Figure  18  . 

Through  remeshing,  (a)  a  new  mesh  is  assigned  to  accornnodate  the  complicated  deformation  pattern,  and  (b) 
the  strain  distribution  is  interpolated  from  the  old  on  the  new  mesh.  This  remeshing  procedure  is  extremely 
important  for  simulating  practical  forging  operations  where  large  deformations  are  present  and  the  properties 
of  the  deforming  material  is  determined  by  the  amount  of  deformation  imposed  on  the  forged  part. 

Figure  19  shows  the  simulation  of  a  rib-web  type  forging  via  ALPID  (7).  The  material  used  in  the 
simulation  Is  Ti-6242  alloy  and  the  forging  was  done  isothermally  at  900®C  with  a  ram  speed  of  0.1  In/min. 
Figure  19clearly  shows  the  formation  of  a  void  which  may  lead  to  a  lap  type  defect.  ALPID  simulation 
predicted  that  a  lap  did  not  develop  In  this  particular  process  condition.  This  fact  was  also  confirmed 
with  experiments  conducted  using  lead  as  a  model  material. 

Recently  ALPIO  has  been  expanded  to  simulate  nonisothermal  forging  processes  (8).. 


CONCLUSIONS 

Upset  test  have  been  used  to  asses  the  effects  of  microstructure,  temperature,  strain,  strain  rate 
and  interface  condition  on  the  flow  behaviour  of  Ti-6242  alloy.  Based  on  observations  of  the  evolving 
microstructure  for  the  different  thermomechanical  processing  and  flow  data,  a  model  for  plastic  flow  has 
been  suggested.  Based  on  this,  a  finite  element  model  has  been  developed  whicheven  can  predict  microstructures 
in  forgins  for  optimization  of  properties  in  forged  Ti-624Z  alloy. 
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h«at  trtfotment  15  mm 


htot  treatment  30  min 


Heat  treatment  15  min  Heat  treotment  30  min  Heot  treatment  6  hour 


FIGURE  8*  The  inicrostruciure  .it  post-deformdtion  heat  treatment  at  1040  of 
H  -  preform  nidtet  ia  I . 


true  stre 


6-10 


- .  .  . — ■  -I..  Figure  10(a)  Example  o -  e and  t-t  curves  obtained 

from  uniform  compression  tests  conducted 

Figure  9  Hot-Isothermal  Compression  Test  Fixture''^’.  in  a  mechanical  press. 

(a)  Material:  Ti-6242,  equiaxed  alpha  micro¬ 
structure,  initial  test  temperamre  -  9 1 3C. 


Figure  10(b)  Example  o  —  t  and  t  —  e  curves  obtained 
from  uniform  compression  tests  conducted 
in  a  mechanical  press. 

(b)  Material:  403  Stainless  Steel,  initial  test 
temperatures  —  982C,  1066C,  1121C. 


Figure  1 1  Comparison  of  stress-strain  data  obtained  in  a 
mechanical  press  and  an  MTS.  Variation  of 
strain  rate  with  strain  for  mechanical  press  test 
is  also  shown. 


TRUE  strain  rate,  f  (SEC 


TRUE  STRESS,  cr(MPo) 
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TRUE  strain,  f 

Figure  12  o  —  fe  —  e  curves  obtained  from  uniform 

compression  tests  conducted  in  mechanical 
press.  (Material;  Ti-6242,  acicular  alpha 
microstructure,  initial  test  temperature 
-913C). 


TRUE  strain,  € 

Figure  1 4  Flow  stress  data  for  Ti  -6242  (equiaxed  alpha 
microstructure)  replotted  to  show  stress  as  a 
function  of  temperature  at  different  levels  of 
strain  (t-  10  sec”') 
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TEMPERATURE,  F 

Figure  1 3  o  -  c  curve  obtained  from  uniform  compression 
tests  conducted  in  a  mechanical  press.  (Material: 
Ti-6242,  equiaxed  alpha  microstructure;  t  =  1 0 
sec”') 


temperature.  C 


TEMPERATURE,  F 


Figure  1 5  Flow  stress  data  for  Ti-b242  (equiaxed  alpha 
microstructure)  corrected  for  deformation 
heating  effects  (t  -  1 0  sec” ' ) 


I  mi  IiniJi  I'uui  liisiJii  cuui  1II3IJI  I  uui  iiioiDii 


c:  B.a  «-0  ij.c  K.C  tir.o  t>;.c 

ifK.; 


(tf) 


Figure  16  Predicted  grid  distortion  for  disk  forging 
(Ti-6242-O.lSi,  p-microstructure,  m  —  0.3, 
T—  900C)  (a)  10%  reduction  in  height, 
(b)30%,(c)50%,(d)70%. 
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(d) 

Figure  1 7  Grid  distortion  predicted  for  trapped  die 
forging  (Ti-6242-O.lSi,  p-microstructure, 
m  —  0.3, 900C)  reduction:  (a)  66%,  (b)  69%, 
(c)70%,(d)  70.25%, 


Figure  1 8  Grid  Distortion  in  Forging  a  Ti  Disk  with  Flash 
(a)  Before  First  Remesh,  and  (b)  At  the  End  of 
Stroke  (6). 


Figure  19  Metal  Flow  Simulation  Via  ALPID  to  Predict 
Potential  Defect  Formation  in  Isothermal 
Forging  of  Titanium  Alloy  (7). 
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SUMMARY 

An  analytical  technique,  which  employs  the  approach  of  visioplasticity  for  evaluat¬ 
ing  large  plastic  strains  such  as  those  occurring  in  metalforming,  is  presented.  The 
distortion  of  a  quadrilateral  element  of  a  grid  was  tracked  to  compute  strains  during 
deformation.  Here,  two  lines  of  a  quadrilateral  are  used  (length  before  and  after  defor¬ 
mation  and  direction  cosines  before  deformation)  to  determine  the  true  effective  strain 
in  the  element.  Although  the  method  can  be  applied  to  any  mode  of  deformation,  its 
application  to  plane-strain  deformation  is  considered.  The  method  has  been  verified  by 
application  to  basic  cases  of  deformation  such  as  uniaxial  compression,  tension,  pure 
shear,  and  rotation  of  elements.  Wedge  testing  was  used  for  verification  of  the  analyti¬ 
cal  results  of  a  visco-plastic  finite-element  program  ALPID  which  was  developed  to  simu¬ 
late  metal  flow  in  deformation  processes  such  as  forging  and  extrusion.  Wedge-shaped 
specimens  were  machined  from  plates  of  1100-P  and  6061-T6  aluminum,  and  grids  were 
engraved  on  the  meridian  plane  by  means  of  a  CNC  engraver.  The  specimens  were  annealed 
and  compressed  in  a  channel-shaped  segmented  die  at  room  temperature.  The  undeformed  and 
deformed  grids  were  digitized,  and  true  effective  strains  were  computed  and  displayed  as 
contour  plots  along  with  the  ALPID-generated  values.  The  results  indicate  that  the 
strains  predicted  by  ALPID  are  very  near  the  experimental  ones.  Minor  differences  in  the 
strain  values  are  attributed  to  unavoidable  experimental  errors. 


’ .  INTRODUCTION 

The  flow  behavior  of  metals  in  deformation  processes  is  characterized  by  the  con¬ 
stitutive  equations  which  relate  the  flow  stress  to  strain,  strain  rate,  and  working 
temperature.  Recently  a  method  has  been  developed  for  modeling  the  flow  of  metals  in 
metalforming  processes  using  rigid  visco-plastic  f inite-eleitient  (FEM)  (1,2)  analysis. 
This  method  predicts  th.  deformation  behavior  at  node  points  of  each  element  by  the 
application  of  variational  principles  and  provides  a  solution  using  the  initial  and 
boundary  conditions.  The  analysis  is  called  ALPID  (Analysis  of  Large  Plastic  Incremen¬ 
tal  Deformation) .  A  number  of  assumptions  were  made  to  develop  this  model  which  could 
affect  the  degree  of  accuracy  of  the  predicted  results.  It  is  necessary  that  the 
validity  of  such  a  theoretical  model  be  verified  through  physical  modeling  techniques; 
this  provides  feedback  which  aids  in  the  refinement  of  the  model  and  demonstrates  the 
accuracy  of  the  predictions. 

In  the  area  of  metalworking,  two  methods  can  be  used  to  design  experiments.  The 
first  is  to  simulate,  as  closely  as  possible,  a  production  metalforming  process,  viz,, 
extrusion  or  forging  on  a  laboratory  scale,  and  monitor  the  pertinent  parameters  such  as 
force,  ‘■emperature ,  and  ram  velocity.  The  data  from  such  a  ^est  can  be  analyzed  and  com¬ 
pared  with  those  predicted  by  an  analytical  model.  The  second  approach  is  to  devise  a 
laboratory  test  which  is  faster,  easier,  and  less  expensive  than  a  subscale  production 
test  but  verifies  the  accuracy  of  the  analytical  model.  These  requirements  are  met  by  a 
test  which  is  commonly  used  by  the  forging  industry  and  known  as  the  wedge  test.  The 
plane-strain  deformation  is  studied  by  compressing  a  wedge  specimen  in  a  channel-shaped 
die  and  the  three-dimensional  deformation  by  compressing  the  specimen  between  a  flat  die 
and  a  punch. 

This  paper  discusses  the  development  and  verification  of  a  technique  for  experimen¬ 
tally  determining  strains  in  a  fvo-dimensional  deformation  process.  Here,  classical 
equations  of  the  theory  of  elasti'ity  relating  strains  and  displacement  wci.e  used.  The 
technique  was  later  applied  to  validate  the  predictions  of  a  visco-plastic  finite-element 
program  ALPID. 


2.  COMPUTATION  OF  STRAIN  FROM  DIMENSIONS  OF  DEFORMED  AND  UNDEFORMED  GRID  MESH 
2.1  Literature  Review 

In  order  to  analyze  the  metal  flow  in  deformation  processing,  it  is  necessary  to 
determine  the  distribution  of  the  effective  strain  in  the  deformed  body.  The  formulas 
defining  these  strains  are  derived  in  terms  of  the  position  of  an  element  before  and 
aftei  deformation  with  reference  to  some  coordinate  system.  Thus,  the  strains  are  com¬ 
puted  ’  7  measuring  the  distortion  of  some  geometrical  pattern,  viz.,  a  grid  mesh  or  an 
array  of  circles.  The  choice  of  pattern  depends  upon  various  factors  such  as  the  type 
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and  accuracy  of  the  information  sought,  the  material,  and  the  extent  of  the  specimen 
deformation . 

In  most  metalforming  processes,  the  resultant  deformation  may  not  be  homogeneous. 
Deformation  in  such  cases,  however,  is  assumed  to  be  homogeneous  since  the  deformed 
material  can  be  divided  into  a  niizober  of  small  regions  of  homogeneous  deformation.  The 
most  commonly  used  method  for  computing  strains  is  called  visioplasticity  (3-6).  In 
order  to  analyse  a  plane-strain  or  ax i symmetric  metal-deformation  process  using  this 
method,  a  grid  of  points  is  placed  in  the  plane  of  deformation.  The  grid  is  photographed 
after  each  step  during  an  incremental  deformation.  Prom  the  change  in  position  of  the 
grid  nodes  and  the  deformation  time,  the  velocity  of  the  grid  points  can  be  estimated. 
In  the  case  of  two-dimensional  deformation,  if  V  is  the  velocity  of  a  node  point  and  u 
and  v  its  components  in  the  coordinate  directions,  the  strain-rate  variation  with  posi¬ 
tion  can  be  calculated  as  follows: 


du 

57 


3v 

57 


and 


'  Su  .  3v 

■  57  57 


(1) 


Childs  (7)  applied  this  method  to  the  analysis  of  the  flow  of  metal  in  hot  extrusion 
of  mild  steel.  A  grid  was  applied  on  the  meridian  plane  of  a  cylindrical  billet  before 
extrusion.  The  process  was  interrupted,  and  the  changes  in  the  grid  pattern  from  the 
undeformed  state  to  the  deformed  state  (in  the  partially  extruded  billet)  were  used  to 
characterize  the  deformation.  In  general,  the  method  is  tedious,  and  the  establishment 
of  a  good  reference  coordinate  system  is  difficult  (6) . 

Sowerby,  et  al.  (9),  recently  proposed  a  method  of  characterizing  deformation  in 
terms  of  the  prThcTpal  stretches  of  a  grid.  The  stretch  of  a  line  element  during  defor¬ 
mation  is  the  ratio  of  its  final  length  to  its  initial  length,  and  the  principal  stretch 
directions  are  those  in  which  line  elements  undergo  no  rotation  during  deformation.  For 
an  orthogonal  grid  (Fig.  1),  the  principal  stretches  and  stretch  directions  are 


(2a) 


(2b) 


(3) 


where  =  a’/a, 

Xj,  -  b'/b, 

=  angle  between  the  deformed  pair  of  grid  lines, 

0  =  angle  between  the  principal  direction  1  and  the 

x  axis, 

a,b  =  lengths  of  the  undeformed  line  elements  OA  and  OC, 
respectively,  and 

a',b'  =  lengths  of  the  deformed  line  elements  OA*  and  OC, 
respectively. 


>2  >2  .  ,2 
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T 
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^b  _  a  b  1 


tan  2  6 
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Figure  1  -  (a)  Undeforroed  Orthogonal  Line  Elements; 

'  (b)  Deformed  State  Following  Homogeneous  Strain. 
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For  a  nonorthogonal  grid  (Fig«  2),  the  principal  stretches  are  given  by 


= 


J[o 


X^)  C082e  £ 


^>1- 


Tb 


cosi  cos(C  +  20) 
a 


coa^  * 


cot(C 


X 

a  b 


+  20) 


2  2 
cose  COSY  +  X22 

2*a>b  ~  ‘^a 

8inC(x2  - 


sine  sinv) 
+  Xj^)cosC 


(4) 


where  K  is  the  angle  between  line  elements  in  the  undeformed  grid. 

This  method  is  recommended  mainly  for  orthogonal  grids  (10)  and  requires  that  the 
angles  ^  and  C  be  calculated  at  each  grid  point. 

2 . 2  Theoretical  Analysis 

Consider  a  small  element  of  a  body,  a  corner  of  which  is  located  at  (x,y,z)  and  has 
lengths  6x,  6y,  and  62  parallel  to  the  respective  coordinate  directions  in  the  undeformed 
state  (Fig.  3) .  Duiing  a  deformation  in  which  displacements  in  the  body  are  given  by 
u(X/y,z),  v(x,y,z),  and  w(x,y,z)/  a  line  element  of  length  £r  (such  as  that  represented 
by  the  diagonal  AB  of  the  element)  deforms  to  length  6r'  and  position  A*B'.  Ford  and 


Figure  2  -  (a)  Undeformed  Nonorthogonal  Line  Elements; 

(b)  Deformed  State  Following  Homogeneous  Strain. 


z 


Figure  3  -  Deformation  of  Line  Element  Due  to 
Normal  and  Shear  Strains  (Ref.  11) . 
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Alexander  (11)  showed  that  the  engineering  strain  in  AB  (defined  as  6rV<Sr  -  1)  is  given 
by 


=  (1  +  1^+11  +  2eyy)  +  (1  +  2e^^)  n; 


^  2«xy  ‘r  ”r  ^  +  2e^, 


(5) 


where  m^,  and  n^  are  the  direction  cosine  of  the  line  element  AB, 


3u 


^»2 


av.2 


on 


(6) 


and 


_  _  3u  .  3v  ,  Su  .  3v  3v  ^  3w  dw 

xy“5y'^57‘*'5x?y^575y^57Jy 


(7) 


Other  terms  in  Eq.  (5)  are  defined  in  a  similar  manner.  The  above  equation  Is  general  in 
that  it  can  be  applied  to  the  analysis  of  two-  and  three-dimensional  deformation.  Here 
it  will  be  used  for  the  case  of  plane-strain  deformation,  where  the  displacement  in  the  z 
direction  is  zero  and  Eq.  (5)  for  this  case  reduces  to 


=  (1  ^ 


(1  t  2eyy)  m;  +  2e^y 


(8) 


Consider  an  orthogonal  grid  OABC  deformed  to  0*A'B'C'  (Fig.  4).  Let  £i,  m^  and  Iz , 
m2  be  the  direction  cosines  of  two  line  elements  OB  and  OA,  respectively.  Using  Eq.  (8) 
on«  the  line  OB  yields 


or 

Similarly, 


*  (1  +  2e^x>^l  ^  2eyy)m2  +  2e^y 


~)  ^  *1  +  21^  2m! 


1  XX 


“'1  'yy  *  ^®xy  “l 


for  the  line  OA, 


(9) 


,0'A'.2 


'■SJT' 


'  =  1  ^  2*2  ®xx  *  e^y  *  2e^y 


(10) 


For  plane-strain  plastic  deformation,  if  and  Cy  are  the  true  strains  in  the  x  and  y 
directions,  respectively,  then  constancy  of  volume  gives 


€ 


X 


(11) 


(•) 


(b) 


Figure  4  -  (a)  Undeformed  Orthogonal  Grid; 

(b)  Deformed  Grid  Following  Homogeneous  Strain. 


But 


=  ln(l  +  e  ) 


Ey  =  ln(l  +  By) 


(12) 


where  and  e  are  the  engineering  strains  related  to  e^^  and  6yy»  respectively,  by 


=  /I  +  5e  -  1 

K  XX 


which  yields 


yy 


XX 

me 


(13) 


(14) 


Substitution  of  Eq.  (14)  into  Eqs.  (9)  and  (10)  yields 

_2  ®xx 


1  ^  2‘l  ^xx  -  2” 


1  1  ^  '®xy  ”1 


,0'A',2  ,  .  ,,2  .  ,_2  "^xx 

^  ^  2*2  ®xx  ■  ^®2  rTTi 


+  2e  4-s 

xy  2  2 


(15) 


(16) 


The  set  of  simultaneous  equations,  (15)  and  (16),  results  in  a  quadratic  equation 

2 


where 


<x  *  ®xx  +  O'  .  0 


(17) 


Ai  =  Aj  -  ill 


H  =  -  (^>^  -  “i]'  ®2  =  *  ^2  -  ”2] 


n  -  1  -  9131.  2 

°1  ■  (  OB  ) 


T  -  1  O'ft'  2 

“2  -  ^  CW) 


Shear  strain  exy  can  be  obtained  by  using  either  of  the  following  modified  forms  of 
Eqs.  (15)  and  (16) : 


^  "  «1  ®xx  ^  C,(l  ^  2e,x>®xy  ^  °1  '  “ 


A-  e  +  B-  e  +  C.,  (1  +  2e  )e  +  D.  =  0 
2  XX  2  XX  2  XX  xy  2 


(18) 

(19) 


The  true  effective  and  principal  strains  are  given  as: 

E  =  i  /se^  t 

3  X  4  xy 


(20) 


+  e 


(21) 


1,2 


A^) 


2  ~  ®1  2^ 

2 . 3  Application  to  the  Cases  of  Basic  Deformation 

The  equations  developed  above  are  applied  to  the  following  cases  of  basic  deforma¬ 
tion  to  demonstrate  the  strength  and  accuracy  of  the  method: 

(1)  Simple  compression  of  a  square  element 

(2)  Simple  compression  of  a  rectangular  element 

(3)  Simple  tension  of  a  rectangular  element 

(4)  Pure  shear  of  a  square  element 

(5)  Pure  rotation  of  a  square  element 

In  each  case  a  representative  orthogonal  grid  element  is  subjected  to  a  known  amount 
of  homogeneous  deformation,  as  summarised  in  Fig.  5.  The  corresponding  strains  are  then 
calculated  using  the  coordinates  of  the  corners  of  the  quadrilateral  before  and  after  the 
deformation,  following  the  procedure  outlined  above.  In  each  case  two  pairs  (the  two 
diagonals  and  a  diagonal  and  a  side  of  the  element)  of  line  elements  are  used  to  examine 
the  effect  of  the  choice  of  the  pair  on  the  strain  values. 
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Figure  5  -  Orthogonal  Elements  Subjected  to 

Various  Types  of  Simple  Deformation. 


Table  I  shows  the  calculated  values  of  strains  for  the  five  cases  of  simple  defor¬ 
mation  (Fig.  5)  using  two  pairs  of  line  segments  in  the  rectangular  elements.  The  choice 
of  the  two  diagonals,  AC  and  BD,  is  more  appealing,  but  the  results  obtained  using  this 
pair  of  line  segments  are  not  always  correct.  In  general,  two  roots  exist  for  rq.  (17), 
and  one  of  the  roots  will  be  inadmissible.  A  computer  program  which  uses  only  one.  of  the 
roots  may  yield  inaccurate  results  under  certain  circumstances;  Example  2  (Case  in 
Table  I  is  one  such  situation  where  a  tall  rectangle  is  compressed  to  a  short  recu-.ngle 
having  the  same  aspect  ratio.  Here,  if  the  two  diagonals  are  used,  one  of  the  roots  will 
be  zero  and  the  other  will  provide  the  strain  value.  It  may  be  difficult  to  decide 
which  root  should  be  used  for  further  calculations.  The  other  choice  of  line  segments, 
diagonal  AC  and  side  AB,  yields  correct  results  in  all  cases.  In  fact,  the  strain  being 
calculated  is  the  strain  in  the  triangle  ABC.  Thus,  the  analysis  can  be  applied  to  tri¬ 
angular  grids  as  well  as  to  the  conventional  rectangular  ones.  Since  the  calculated 
values  of  the  strains  in  each  case  are  consistent  with  the  amount  of  deformation  pro¬ 
vided,  the  accuracy  of  the  method  is  verified. 


Table  I,  Computed  Values  of  True-Strain  Components  Using  Different  Pairs  of  Line  Segments 


Case 

Line 

Segments 

^y 

®xy 
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la 

AC, 

BD 

0.6931 

-0.6931 

0 

0.8002 

lb 

AC, 

AB 

0.6931 

-0.6931 

0 

0.8002 

2a 

AC, 

BD 

0.6931 

-0.6931 

0 

0.8002 

2b 

AC, 

AB 

0.6931 
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3a 
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BD 
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0 

0 
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0 

0 

0 
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3  EXPERIMENTAL  PROCEDURE 
3 . 1  Development  of  Grid  Mesh 

Deformation  in  a  body  is  characterized  by  the  distribution  of  strain.  The  grid- 
deformation  method  of  strain  measurement  involves  applying  a  grid  mesh  on  the  surface  or 
on  an  interior  plane  of  a  specimen.  The  grid  may  be  defined  as  an  array  of  lines  or  dots 
which  indicate  points  in  the  specimen  and  is  usually  rectangular  with  dots  or  lines 
b-^ing  repeated  in  two  perpendicular  directions.  The  distance  between  the  discrete  nodes 
on  the  grid  before  and  after  the  deformation  is  measured,  and  the  resulting  data  are  ana¬ 
lyzed.  The  grid  method  is  an  optical  technique.  Sighting  of  the  grid  is  accomplished 
with  or  without  photography.  The  accuray  of  the  grid  depends  on  the  precision  with  which 
sighting  can  be  carried  out.  Accuracy  in  the  measurement  of  the  grid  does  not  lie  in 
the  precision  of  tne  measuring  instrument  but  in  the  ability  of  the  investigator  to 
view  the  points  clearly.  If  a  dot  or  point  (obtained  by  the  intersection  of  two  grid 
lines)  is  much  larger  than  the  resolution  of  the  instrument,  the  resulting  measurement 
will  be  inaccurate.  The  size  of  the  point,  therefore,  plays  an  important  role  in  the 
measuring  process.  Furthermore,  a  point  under  consideration  should  be  clearly  visible 
with  the  least  amount  of  distortion  before  and  after  deformation  has  occurred. 

A  number  of  methods  were  used  in  attempts  to  apply  a  suitable  grid  pattern  to  the 
wedge-shaped  specimens.  These  included  photochemical  etching  and  engraving  techniques. 
The  latter  was  accomplished  by  means  of  a  CNC  engraver  and  found  to  be  accurate  and 
appropriate  for  the  case  of  interest  here.  A  typical  wedge-shaped  specimen  with  engraved 
grid  lines  is  shown  in  Fig.  6. 
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Figure  6 


Undeformed  Wedge  Specimen  with 
Grids  Engraved  on  Meridian  Plane. 


In  order  to  analyze  the  two-dimensional  flow  of  metals  and  verify  the  ALPID  code  for 
complex  dejTormation ,  wedge-shaped  specimens  (Fig.  6)  with  grids  engraved  on  the  meridian 
plane  were  compressed  such  that  a  range  of  strains  varying  from  zero  to  0.75  was 
obtained.  Initially,  a  one-piece  channel-shaped  die  with  a  punch  was  designed  and  fabri¬ 
cated  for  a  200-lcip  (0.89-MN)  MTS  testing  machine.  An  aluminum  specimen  was  compressed 
using  this  die.  The  compressed  specimen  could  not  be  ejected  undeunaged  from  the  aie. 
The  concept  of  segmented  dies  was,  therefore,  developed  for  convenient  ejection  of  the 
specimens.  These  dies  consist  of  several  segments  which  are  assembled  to  provide  the 
same  die  cavity  as  that  of  the  one-piece  die  and  can  be  dismantled,  after  testing,  to 
eject  the  workpiece.  The  major  advantage  of  segmented  dies  is  that  through  the  use  of 
different  inserts,  a  new  family  of  parts  can  be  forged.  The  major  drawback  of  these  dies 
is  that  metal  tends  to  extrude  through  the  various  joints  of  the  die  during  deformation 
processing.  The  segments  must,  therefore,  be  held  together  with  a  pressure  greater  than 
the  flow  stress  of  the  metal  during  deformation  but  be  easy  to  disassemble  after  forging 
is  complete. 

The  segmented  die  and  punch  designed  and  fabricated  for  this  case  (plane-strain 
wedge  test)  are  shown  in  Figs.  7  and  8.  The  die  has  three  main  components,  viz.,  the  die 
base,  two  side  plates  which  are  fastened  to  the  base  by  six  1/2-in. -diam.  {12.5-mm)  SAE 
Grade-8  bolts,  and  two  restrainers  (Fig.  7)  bolted  at  the  top  of  the  side  plates  o  mini¬ 
mize  their  expansion  and,  thus,  metal  extrusion  through  the  joints  during  comp.&^sion. 
The  side  plates  are  piloted  with  respect  to  the  base  by  two  3/8-in.  (9-inm)  diam  dowel 
pins.  All  components  were  machined  from  a  10-in. -diam.  (250-mm)  H-13  tool-steel  bar, 
hardened  to  Rc  45-50  and  ground  to  a  surface  finish  of  16-yin.  (0.4-ym)  rms.  The  die  and 
punch  were  coated  with  black  oxide  to  prevent  rusting,  assembled  as  shown  in  Fig.  8, 
mounted  on  the  MTS  machine,  and  aligned  in  preparation  for  wedge  testing. 


Figure  7  -  Segmented-Die  Components  for  Plane-Strain  Wedge  Test. 


3.3 


Compresaion  of  Wedge  Specimens 
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In  order  to  verify  ALPIO  for  a  variety  of  materials  and  deformation  spectra,  speci¬ 
mens  were  machined  from  1100-F  and  606I-T6  aluminum.  The  specimens  were  then  annealed. 
One  1100-0  aluminum  specimen  was  compressed  to  a  deformation  of  54.5%  and  thi.ee  6061-0 
aluminum  specimens  were  compressed  to  height  reductions  of  14,  32,  and  40%  for  this 
study. 

Prior  to  actual  compression  of  the  iiredge  specimen,  the  punch,  die,  and  specimen  sur¬ 
faces  were  coated  with  a  graphite  and  molybdenum-disulfide-base  spray  lubricant  to  mini¬ 
mize  friction  along  the  sliding  interfaces.  The  specimen  was  then  mounted  in  the  die, 
and  the  die  segments  were  fastened  together  by  means  of  the  six  bolts  and  restrainers. 
The  duration  of  the  test  was  determined  by  the  extent  of  deformation,  typically  250  sec. 
for  a  50%  reduction  in  height  [O.S-in.  (l2.5-fflm)  ram  displacement]. 

3.4  Digitizing  Deformed  and  Undeformed  Grids 

The  deformed  specimens  were  cleaned  with  soap  and  methanol,  tr  remove  the  thin  film 
of  lubricant,  and  then  photographed.  Due  to  the  compression  of  the  specimens,  the 
horizontal  grid  lines  became  thin  and  the  vertical  ones,  thick.  The  thin  lines  could  not 
be  effectively  resolved  by  the  camera  due  to  reflection  of  light  from  the  shiny  surface 
of  the  aluminum  specimen.  The  specimen  surface  was,  therefore,  coated  with  carbon  black 
in  order  to  print  the  deformed  grid  on  16  x  20  in.  (400  x  500  mm)  photographic  paper  for 
digitizing.  The  digitizing  of  deformed  and  undeformed  grids,  i.e.,  determination  of  the 
coordinates  of  the  node  points,  was  accomplished  using  a  Tektronix  4954  digitizing  tablet 
and  4010  terminal.  Of  the  two  types  of  digitizing  devices  available,  the  mouse  with 
crosshairs,  which  is  more  accurate,  was  chosen  for  this  study.  The  digitized  data  for 
the  deformed  and  undeformed  specimens  were  stored  as  files  in  the  Prime-850  computer. 
The  files  containing  the  deformed  and  undeformed  digitized  data  were  used  with  a  computer 
program  to  obtain  the  effective  strains  at  various  nodes. 

3. 5  Software  DeveloE«>ent 

The  analysis  of  grids  to  compute  strain  variations  on  the  meridian  plane  involved 
three  steps;  digitization  of  the  undeformed  and  deformed  grids,  calculation  of  the 
effective  strain,  and  display  of  the  effective  strain  as  contour  plots.  A  program, 
DIGIPLT,  was  employed  on  the  Prime-850  computer  to  determine  nodal  coordinates  of  the 
undeformed  and  deformed  grids  using  a  Tektronix  terminal  and  a  digitizing  tablet.  The 
accuracy  of  the  digitizing  devices,  verified  using  the  grids  shown  in  Fig.  6,  was  found 
to  be  within  0.005  in.  (0.125  mm). 

An  analysis  program  was  developed  for  calculating  true  effective  and  various  strains 
from  measurements  of  a  deformed  and  an  undefonsed  grid  quadrilateral.  The  digitized 
data  were  used  to  determine  the  direction  cosines  of  the  undeformed  line  segments  and  the 
ratios  of  the  corresponding  deformed  to  undeformed  line  segments  of  the  grid  quadrilater¬ 
als.  The  true-effective-strain  values  were  then  determined  from  the  above  pi^rameters 
using  Eqs.  (12)  -  (20).  These  values  were  smoothed  using  the  least-squares  formulas  for 
third-degree,  five-point  analysis  and  stored  in  a  file  for  plotting  the  strain  contour 
maps.  The  decision  to  use  five-point  analysis  for  smoothing  the  data  was  arbitrary. 


4.  RESULTS  AND  DISCUSSION 

A  number  of  compression  tests  using  1100-0  and  6061-0  aluminum  specimens  (wedge 
shaped)  were  performed  to  verify  the  ALPID  code.  Figure  9  is  a  plot  of  ram  travel  versus 


RAM  TRAVEL,  mm 


Figure  9  -  Plot  of  Load  vs.  Ran  Travel  for  Wedge 
Specimens  Made  from  Two  Materials. 


compression  load  for  the  two  materials.  It  can  be  seen  that  the  load  increases  with  the 
amount  of  deformation,  but  the  rate  of  increase  is  larger  for  6061  aluminum  than  for  1100 
aluminum.  The  deformed  grid  meshes  for  the  two  materials  for  various  amounts  of  deforma'- 
tion  are  shown  in  Figs.  10(a)  -  13(a).  The  ALPID  code  was  then  used  to  generate  the  dis¬ 
torted  grids  [Figs.  10(b)  -  13(b)]  for  both  materials  for  the  amount  of  defojrroation  used 
in  the  experimental  tests.  It  should  be  noted  in  Pigs.  10  -  13  that  the  flow  patterns  as 
depicted  by  the  two  types  of  grid  meshes  are  almost  Identical;  the  difference  in  flow 
behavior  is  attributed  to  the  estimated  value  of  the  die-workpiece  friction  used  to  gen¬ 
erate  the  ALPID  simulations. 

In  order  to  quantify  the  verification  of  the  ALPID  code,  the  experimental  and  ^PID- 
generated  values  of  effective  true  strain  were  used  to  plot  the  contour  maps.  Figures 
14,  15,  and  16  contain  the  maps  for  14,  32,  and  40%  deformation  of  the  6061  aluminum 
specimens,  respectively,  and  the  maps  for  1100-0  aluminum  are  shovm  in  Fig.  17.  The 
ALPID-generated  maps  are  very  similar  to  the  experimental  ones. 
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Figure  10  -  Grid  Patterns  Showing  Metal  Plow  in  6061-0 
Aluminum  Wedge  Specimen;  Deformation  14%. 
(a)  Experimental,  (b)  ALPID  Simulation. 
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Figure  11  -  Grid  Patterns  Showing  Metal  Flow  in  6061-0 
Aluminum  Wedge  Specimen;  Deformation  32%. 
(a)  Experimental,  (b)  ALPID  Simulation. 
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Figure  12  ^  Grid  Patterna  Showing  Metal  Flow  in  6061*>0  Aluminum 
Wedge  Specimen^  Deformation  40%.  (a)  Experimental » 

<b)  ALPID  Simulation. 


INCHES 
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Figure  13  -  Grid  Patterna  Showing  Metal  Flow  in  1100*0  Aluminum 

Hedge  Specimen;  Deformation  54.5%.  (a)  Experimental, 

(b)  ALPID  Simulation. 
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Figure  14  *  Effective  True  Strain  Contour  Maps  for  6061*0 
Aluminum  Wedge  Specimen;  Deformation  14%. 

(a)  Experimental,  (b)  ALPID  Simulation. 
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The  reasons  for  the  probable  minor  differences  at  some  isolated  locations  in  the 
experimental  and  ALPlD-generated  values  of  effective  strains  are  listed  below: 

1.  Error  introduced  in  digitizing  the  deformed  and  undeformed  grids  on  an 
electronic  tablet. 

2.  Error  in  aligning  the  crosshairs  of  the  cursor  with  the  node  points. 

3.  Error  introduced  in  locating  the  grid  node  point  precisely. 

4.  Distortion  of  the  grid  network  during  the  printing  process. 

5.  Undeformed  grids  not  being  identical  on  all  specimens. 

6.  Imprecise  constitutive  equations  for  the  materials  under  consideration. 

7.  Uncertainty  in  the  estimation  of  the  friction  factor  at  the  tool/specimen 
interfaces  which  may  vary  from  specimen  to  specimen  and  with  pressure  and 
type  of  lubricant  used. 


5.  CONCLUSIONS 

The  method  for  computing  strains  using  the  dimensions  of  a  deformed  and  undeformed 
grid  Is  valid.  Any  two  line  segments  of  a  quaderilateral ,  preferably  a  diagonal  and  a 
sidOf  can  be  used.  This  technique  was  applied  to  the  verification  of  ALPID.  It  was 
found  that  the  strain  values  predicted  by  ALPID  were  very  near  the  experimental  values 
and  that  the  minor  differences  occurred  due  to  a  number  of  unavoidable  experimental 
errors.  The  use  of  ALPID  is,  therefore,  warranted  for  the  modeling  of  metalworking  proc¬ 
esses  and  the  design  of  forging  dies. 
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SUMMARY 


FolloMing  the  first  demonstration  of  superplasticity  in  titanium  alloys  Dy  LEE  and 
BACKUFFEN  in  1967  L 1 J  i  Increasing  intereat  has  been  paid  in  tecnnologies  Mnereoy 
superplastic  forming  of  these  alloys  may  be  achieved.  Numerous  benefits  from  this 
process  have  been  until  now  indicated  including  reduced  coats,  improved  structural 
per fortMwnces  and  large  weight  reductions.  In  fact,  few  metal  working  developments  offer 
the  opportunity  of  such  wide-ranging  implications  in  structural  design  as  superplastic 
forming  (SPF)  combined  or  not  with  diffusion  bounding  (SPF/Dti)  to  the  aerospace 
industry.  Because  of  the  ability  to  form  large  complex  structures,  structure  design 
methods  are  strongly  modified. 

While  the  potential  advantages  of  these  processes  are  impressive,  it  is  nonetheless 
obvious  that  they  are  "high-tech"  processes.  Consequently,  tSiey  require  a  great 
investment  in  the  understanding  of  material  and  process  interaction  to  achieve  repeated 
success  in  their  application.  Obviously,  it  is  well  established  now  that,  in  bPF 
materials,  slight  variations  of  forming  parameters  can  readily  lead  to  either  a  success 
or  failure  for  a  given  component.  This  fact  promotes  increased  research  in  this  area. 
These  studies  continue  to  address  a  range  of  titanium  alloys  but  Ti-bAl-4V  alloy  has 
received  the  major  part  of  the  attention,  at  least  in  France.  It  has  been  widely  used  in 
the  aerospace  industry,  and  found  to  exhibit  excellent  superplastic  properties  in  the 
convent  Iona  ly  produced  routes. 

However,  several  microstructural  features  which  can  Influence  the  superplasticity 
of  this  alloy  can  be  found,  due  to  variations  from  one  heat  to  another.  As  an  evidence 
of  this,  the  work  performed  by  PaTUN  and  HAMILTON  j.  2  J  clearly  established  that  not  only 
the  average  grain  size  C  but  also  phase  percentage,  grain  aspect  ratio  and  grain  size 
distribution  have  to  be  taken  into  account.  The  work  done  at  the  CEMtF  since  tne  last 
past  5  years  was  to  compare  different  (from  a  microstructural  point  of  view)  li-bAl-uv 
alloys  [3-7]  and  to  set  down  their  flow  rules  for  further  implementation  in  computer 
aided  forming  process  design.  Experiments  were  carried  out  on  a  torsion  device.  Inis 
technique  for  the  SPF  materials  study  is  unusual  compared  witn  tne  large  amount  of  wotks 
using  tension  and  compression  tests.  Nevertheless,  torsion  testing  is  ps r t i cu 1 s r i 1 y  well 
adapted  to  the  simulation  of  forming  processes  such  as  rolling  or  forging.  Finally,  tne 
present  study  is  the  complementary  pert  of  the  modelling  of  isotnermal  forging  or 
isothermal  superplastic  bulging  carried  out  in  our  laboratory 

1 .  INTRODUCTION 


Isothermal  forging  of  Ti-6A1-4V  alloy  is  now  more  and  more  used  to  form  components 
encountered  in  aeronautic  industry,  not  only  for  structural  parts  but  also  for 
some  engine  components  such  as  turbine  discs.  This  process  takes  advantages  from 
superplastic  behaviour  exhibited  by  the  alloy  in  Ihe  90U-95U  temperature  and 
10“  -10’  8"  strain  rate  ranges.  Such  a  behaviour  leads  to  good  formability  which 
allows  the  use  of  complex  shaped  matrix  and  consequently  near  to  the  net  shape  forging 
in  one  operation.  Nevertheless,  very  low  forming  strain  rates  usually  lead  to  some 
problems  :  apart  the  low  productivity,  this  process  requires  heated  tools  during  all  the 
operation  (Hot  Die  Forging)  and  al^o  an  efficient  protection  against  oxydation.  Optimum 
SPF  conditions  (temperature,  strain  rate  and  initial  microstructure)  must  be  determined 
with  accuracy. 

Among  the  different  ways  to  produce  stock  bars  for  isothermal  forging,  tne  most 
classic  one  is  the  ingot  route  (I.R.)  [12,13J.  The  ingot  is  heavily  rolled  or  extruded 
in  the  a+0  range.  High  strains  are  achieved  and  microatructure  is  refined.  Further 
thermal  treatments  are  required  to  reach  a  fully  recovered  microatructure  characterized 
by  fine  grains  with  a  low  dislocation  density.  This  route  produces  flat  parts  or  bars 
which  can  be  hot  die  forged.  Another  way  should  be  powder  metallurgy  (PH).  Consolidation 
of  powder  using  hot  iaostatic  pressing  (HiP)  can  lead  to  a  fully  dense  material  witn  low 
porosity  density.  It  may  also  be  produced  close  to  the  final  shape  parts,  bometimes,  bPF 
should  be  done  Just  after  sintering  for  details  that  should  not  nave  been  achieved  by 
HIP  and  may  avoid  some  further  machining.  Development  of  such  a  route  needs  prior 
investigation  in  order  to  know  wether  fully  dense  parts  may  exhibit  superplastic 
properties. 

In  the  present  paper,  the  different  routes  are  examined.  Experiments  are  carried 
out  in  the  same  strain  rate  and  temperature  ranges  so  that  comparison  can  be  made.  After 
describing  the  experimental  procedure,  the  rheology  is  discussed  in  terms  of 
stress-strain  curves  and  strain  rate  sensitivity  exponent,  rficrostructural  evolutions 
are  then  compared  and  their  interaction  with  rheology  is  underlined. 


2.  METALLURGY  OF  THE  STUDIED  ALLOYS 


2.1.  Ganefal  charecteristice 


The  Ti-6A1-4V  alloy  exhibits  so  structure  at  room  temperature.  This  is  mainly 

due  to  the  presence  of  vanadium  Mhich  stabilizes  the  phase  at  this  temperature.  The  u 
phase  crystallizes  in  a  H.C.P.  system  with  a  ratio  c/a  of  1.5b7  wnich  is  loMer  than  the 
theoretical  value  (1.63)  and  alloMS  ^  slip  systems  instead  of  1.  This  may  explain  tne 
relative  good  ductility  at  this  temperature.  The  a  phase  is  either  scicular  or 
globular.  Around  9bU  ^C,  the  transformation  takes  place.  The  p  phase  crystallizes 

in  a  B.C.C,  system  and  when  rapidly  quenched,  leads  to  an  a'  phase  through  a  martensitic 
transformation,  s'  is  more  brittle  than  a  and  alMays  exhibits  a  very  thin  neeale 
structure . 

The  thermomechanical  processes  Mhich  have  led  to  the  three  studied  microstructures 
are  presented  beloM. 

2.2.  The  equimxed  atructure 

The  material  Mas  provided  by  Avions  Harcel  Dassault  SA.  Its  chemical  composition  is 
given  in  table  1. 


A1 

Nt  % 
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6.13 

4.61 
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.52 

- 

- 
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This  material  Msa  prepared  by  the  ingot  route.  After  heavy  attaining  in  the  a-fp 
temperature  range,  rolled  plates  Mere  subjected  to  thermal  treatment.  The  subsequent 
microstructure  exhibits  a  very  fine  average  a  grain  size  at  room  temperature  of  about 
3  pm  (figure  1).  Such  a  fine  structure  is  knoMn  to  lead  to  auperplastlc  oenavlour 
[1,12,13J.  It  is  labelled  in  the  folloMing  :  fine  microstructure  (TM). 

2.3.  The  two  acicular  atructurea  due  to  P.W. 


The  Ti>'6AI-4V  alloy  mss  elaborated  by  CCZUS.  Its  chemical  composition  and 
mechanical  properties  are  given  in  table  2. 


Composition 

A1 

Mt  X 
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02 
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5.95 

21U 
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Mechanical 

Properties 

R(MPa) 

R  (MPa) 

0.2 

Elongation 

(-5) 

B 

Hb 

4 

1033 

961 

16 

462 

321 

PoMder  Mas  obtained  by  atomization  under  vacuum  by  the  Centre  d '£ t udes NucI 6a i res  de 
Grenoble,  Mith  the  folloMing  conditions  : 

Pressure  :  1.33  to  4  x  10*’  Pa 

Accelerating  voltage  ;  21.0  to  21.6  kV 

Current  load  :  .96  to  .98  A 

Screen  diameter  :  1.3  m 

The  particle  size  Mas  included  in  the  100-630  pm  range.  A  half  part  of  the  pOMder 
MSS  annealed  5  hours  at  1080  (i.e.  above  the  P  transus)  in  order  to  homogenelze 

chemical  composition  and  obtain  a  change  in  the  morphology  of  the  sintered  alloy.  The 
specimens  Mere  machined  f|om  billets  obtained  by  HIP  with  the  folloMing  conditions  : 

950  -  4  hours  -  10  Pa  -  inert  atmosphere  (Argon).  Figures  2  and  3  show  the 

corresponding  microatructures.  The  first  one,  referred  to  as  tsM  microstructure  (kh), 
consists  in  fine  scicular  a  phase  Mith  a  grain  aspect  ratio  (G.A.R.)  of  9  (figure  2). 
The  other  one,  labelled  annealed  microstructure  (AH)  consists  in  cosrser  lamellar  a  with 
a  G.A.R.  of  7.5  (figure  3).  Such  acicular  morphologies  are  rather  unusual  for 
superplaaticity  (compare  with  figure  1). 

According  to  the  Ti-Al  phase  diagram,  FM,  RH  and  AH  contain  80  %  of  a  phase  at  room 
temperature.  This  percentage  is  far  leas  important  at  elevated  temperatures. 


3.  EXPERIMENTAL  PROCEDURE 


3.1 .  Torsion  testing 

A  cylinder  (radius  R,  Length  L)  is  submitted  to  a  revolution  rate  N.  One  head  of 
the  sample  is  fixed.  For  a  number  of  revolutions  N,  a  torque  F  la  measured.  The 
claaeical  analysis  of  torsion  testing  [lAj  gives  the  strain  rate  "t  at  the  periphery 
(r=R). 


Micrograph  showing  the  as  received  micro- 
structure  for  the  Ti-6A1-4V  alloy  usually 
used  for  SPP  and  labelled  fm. 

Initial  grain  size:  5  pi 


-  Figure  2  - 


Micrograph  showing  the  as  received  acicu- 
lar  nicrostructure  after  PM+BIP'ing.  Note 
the  fine  a  needles.  GAR  *  9. 

Labelled  rm. 


-  Figure  j  - 


Micrograph  showing  the  influence  of  pow¬ 
der  annealing.  6  grains  coarsen  wher ?as 
GAR  of  a  needles  decrease  (GAR  *  7.5). 
Labelled  AM. 
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2nN 

7tl 


R 


and  the  equivalent  strain  at  the  outer  radius  : 


r  = 


2aN 

75r 


(1 ) 


According  to  the  classical  analysis,  the  main  stress  component  is  a  snear  stress 
002  (an  axial  stress  is  also  coffimonly  observed,  but  it  mss  found  negligible 
[.15J).  Then  the  equivalent  stress  o  is  given  by  : 

?  =  (5+n+S)  where  n  =  (ii2£.)  _  and  ~  =  ( lLll£)  (5) 
2sR^  dlnN  N  dlnN  N 


The  strain  hardening  index  n  and  strain  rate  sensitivity  exponent  m  can  then  oe 
deduced  from  the  following  relationships  : 


-  Ino^  -  n  ♦  3»n>m)  ^  ^  j  ^  ^ d  in(  3+n+m )  ^ 


5  Ine  e 


d  In  N  H 


dine  e 


d  In  N 


(4) 


3.2.  Advantages  and  drawbacks  of  torsion  coapared  with  tension  experiaents 

The  main  advantages  are  the  following  :  at  first,  if  N  remains  constant,  whatever  r 
la  (between  0  and  R),  the  strain  rate  t  remains  constant.  In  constant  crossbeam  rate 
tension  experiments  and  especially  with  auperplsstic  materials  (i.e.  large  elongstions) , 
the  strain  rate  does  not  keep  a  constant  value,  becondly,  the  material  flow  is 
mechanically  stable  in  torsion  ;  a  large  number  of  revolutions  (esp.  at  high 
temperatures)  can  be  achieved  before  flow  localization.  In  tension,  even  with 
superplastlc  samples,  necking  occurs  and  the  interpretation  of  the  test  is  more 
difficult . 

The  main  drawback  is  that  the  strain  rate  and  strain  are  not  homogeneous  throughout 
the  material.  Both  are  functions  of  r  and  vary  linearly  from  u  to  the  values  given  oy 
Cqs.  (1)  and  (2).  In  tension,  each  cross  section  of  the  sample  is  submitted  to  the  same 
strain  and  strain  rate.  Another  point  is  that  cavitation  occurs  very  late  in  torsion 
because  of  the  purely  deviatoric  stress  state.  The  study  of  damage  processes  in  the 
superplastlc  phenomenon  requires  triaxial  depressive  stress  states  such  as  those 
generally  encountered  in  the  neck  of  tensile  specimens. 

At  last,  superplasticity  is  known  to  strongly  depend  on  microstructure.  If 
microstructural  evolution  occurs  during  deformation,  the  problem  of  torsion  test  to 
assess  material  superplasticity  is  set  down.  ^In  the  general  case,  the  microstructural 
effective  parameter  is  the  average  grain  size  0.  Several  studies  of  Ti*6Ai*4V  alloy  have 
shown  that  th^  evolutions  of  D  could  be  written  in  first  approximation  as  function  of 
time  (t  s  T/t)  and  L-mperature  [16,17]  between  lO”**-!!)*  s”'*.  Consequently,  ?  should  not 
depend  on  r  during  a  torsion  test,  which  justifies  the  use  of  the  latter. 

3.3.  Experiaentsl  toreion  procedure 

The  torsion  experiments  were  carried  out  on  an  Instrument  b.A.  machine  which  is 
connected  to  a  microcomputer  in  order  to  pilot  the  test  and  measure  both  the  torque  T 
and  the  axial  force  F.  The  heads  of  the  specimen  were  fixed  during  the  test  end  the 
rotation  rate  N  was  kept  constant.  It  was  possible  to  make  it  vary  rapidly  in  order  to 
impose  Jump  tests.  The  specimen  had  35  mm  gauge  length  L  and  3  mm  radius  R. 

The  FM  was  tested  at  9Qu,  927  and  950  in  the  6x10”^-10"  s“  strain  rate  range 
and  this  alloy  should  be  considered  as  a  reference  material  for  suoerp I ast ici ty  study. 
Both  RH  and  AH  were  tested  at  900  and  950  ®C  in  the  1U"  -  10'  s"  strain  rate  range. 
The  samples  were  kept  15  mm  at  the  chosen  temperature  before  testing.  To  prevent 
oxydation  during  experiments,  high  purity  argon  was  circulated  around  the  specimens  in  a 
quartz  tube.  Constant  rate  and  jump  tests  were  run  in  order  to  take  into  account  the 
influence  of  microstructure  on  flow  stress.  Finally,  specirpens  were  deformed  up  to  the 
maximal  strain  e’=.04,  to  e  =  .5  and  to  Tsl. 

At  the  end  of  experiments,  the  samples  were  water  quenched  directly  in  the  torsion 
device.  The  deformation  structures  developed  during  straining  were  studied  using  optical 
microscopy  after  polishing  and  etching  in  a  2  ml  HF,  3  ml  liHlJi  t  93  ml  HgU  solution 


4.  RHEOLOGICAL  RESULTS 


4.1.  The  mtrmss-strsin  curvem 


Figures  4  to  10  show  the  variatione  of  the  equivalent  stress  o'  with  equivalent 
strain  T  for  the  three  microetructures  and  the  three  temperatures  investigated. 

In  the  case  of  fine  equlaxed  grains  (FH),  when  z  increases,  the  stress  continuously 
increases  over  the  strain  rate  end  temperature  ranges  defined  above.  For  large  strains, 
the  material  tends  fij^ore  or  J©3s  to  a  steady  state.  Strain  herdening  is  larger  for  low 
strain  rates  (6x10"  2x10"^8"^)  then  for  higher  ones,  so  that  tne  plateau  value  is 
reached  later. 


I»LENT 


STRAlt  RUi 
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Tor  the  acicular  structure  (HM  ana  AM),  two  different  typ^s  of  benaviour  can  oe 
distinguished.  One  is  associated  with  large  strain  rates  ( e> 3x1 0'^ )  and  consists  in  a 
short  period  of  hardening  (up  to  ?=.U4  at  90U  and  Z  =.1  at  9^u  °L’)  foiiowea  oy  a 
progressive  softening  leading  to  a  steady  state.  Un  the  other  hand,  for  low  strain  rates 
1 U'**  s~^  ) ,  the  material  first  hardens  and  tenos  progressively  to  a  steady  state. 
Strain  hardening  becomes  again  larger  when  Z  increases  to  lU"  s~  . 

4.2.  Influence  of  temperature 

F  i  rst ,  comparison  of  figures  4>6,  7-8  and  9-lu  shows  that  wnen  temperature  is 

inc  teased  from  900  ®C  to  9;>U  °C,  the  flow  stress  decreases.  Calculation  of  the  apparent 
activation  energy  U  for  the  steady  state  (i.e  Z  s  i.u)  leads  to  tne  results  given  in 
table  3  (U  in  kjoulea/mole) .  These  results  are  discussed  later  on. 


Table  3  : 

Apparent  activation  energy  in  the 
1125-1173  K  temperature  range  for 
steady  state 

For  the  acicular  structures,  when  T  increases,  the  steady  state  stress  is  divided 
by  a  factor  2  and  the  drop  between  peak  stress  and  steady  state  one  is  smootneo.  This 
should  be  attributed  not  only  to  the  direct  influence  of  temperature  but  also  to  the 
decrease  in  a  phase  content  from  46  %  at  900  to  20  a  at  930  |6J.  Since  the  a  phase 
is  100  Hv  harder  than  the  ^  phase,  this  can  account  for  a  large  part  of  the  flow  stress 
drop  between  the  two  temperatures.  At  last,  figure  11  shows  the^  determination  of  Css« 
the  steady  state  deformation,  as  a  function  of  Z  and  f.  when  Z  increases,  Tgg  first 
decreases,  goes  through  a  minimum  value  *£38"*  then  increases.  Ine  evolution  of 
Zgg  suggests  to  divide  the  strain  rate  range  into  low  strain  rates  (associateo  with 
continuous  hardening)  and  high  ones  (peak  stress  curves)  so  that  rapidly 
reached  for  the  transition  strain  rate  (around  lu***  -  5  x  lu’**  s"^).  Annealing  of  the 
powder  leads  to  a  greater  Zgg"',  thus  to  delay  the  steady  state  for  high  strain  rates. 

4.3.  Compatiaon  between  acicular  and  equiaxed  atructurea 

The  comparison  is  based  on  stress  and  m  values.  To  simplify  tne  discussion,  m 
values  were  determined  by  linear  regression  for  the  three  materials.  Correlation  was 
about  .92  to  .98  for  low  strains  and  greater  than  .9d  for  large  strains.  At  last, 
comparison  was  made  at  3x10*'*  s'^  which  is  well  Known  to  be  in  the  superplastic  strain 
rate  range  for  both  equiaxed  structures  [1,12,19-21J  and  acicular  ones  l7j  ano  is 
related  to  the  value  of  fas'”* 

Figure  12  and  13  show  the  influence  of  the  initial  microstructure  on  stress.  At 
9U0  ®C,  KM  and  AM  lead  to  the  same  (o,  Z)  curve  shape  ;  the  peak  stress  is  higher  for  km 
but  the  steady  state  stresses  have  about  the  same  value  ;  Fm  values  of  stresses  are 
always  far  lower  (-70  %  at  the  begining,  -40  %  for  large  strains  as  compared  with  am). 
At  9S0  firstly,  RM  and  AM  exhibit  the  same  peak  stress  curve  shape  but  niuher 
stresses  are  obtained  with  AM,  so  that  the  tendency  is  reverse  as  compared  to  9uu  ; 
second  1 y ,  for  low  strains,  FM  values  of  stresses  are  lower  than  the  others,  but  around 
S 3 . 4  To  .3  they  exceed  the  RM  ones. 

The  comparison  of  m  values  is  given  by  figures  14  and  13.  Whatever  the  temperature 
and  the  mi crost ructure ,  m  values  obtained  by  linear  regression  m(LH)  always  decrease 
when  t  increases.  The  maximum  values  of  m  decrease  between  90U  and  930  °C.  At  9UU  °C, 
they  are  ordered  as  following  m( FM) >m( Rri y >m( AM) .  At  93U  ®C,  FM  and  am  lead  to  nearly  the 
same  values  ;  for  low  strains,  m(FM)  is  higher  than  the  others  but  around  Z  =  .3  to  .4, 
it  drops  under  m(RM  or  AM).  This  is  to  be  closely  related  to  the  st r ess-s 1 1  a i n  curves 
comparison  as  shown  in  section  6. 


Fine  Equiaxed  Microstructure 

492 

Acicular  Raw  Hicrostructure 

747 

Acicular  Annealed  Microstructure 

393 

5.  MICROSTWUCTURAL  EVULUTIOWS 


5.1 .  The  equiaxed  structure 

The  observation  of  mi crostructural  evolution  using  optical  microscopy  (at  x  300 
magnification)  shows  the  following  results.  For  e  given  value  of  Z,  tne  average  grain 
size  D  decreases  when  Z  increases.  For  _a  fixed  value  of  Z,  U  grows  with  an  increasing 
strain  (figure  16).  When  T  increases,  0  increases,  too.  The  micrographs  of  figure  1b 
enlighten  the  combined  influence  of  T  and  t  on  microstructural  changes. 

5.2.  The  ecicular  structure 

Figure  17  shows  the  microstructural  evolution  for  AM  at  9U0  °C.  The  conclusions  can 
be  ext^end^ed  to  RM  and  95U  ®C  as  w^ll.  Evolutions  are  presented  for  high  strain  rate 
(6x10“  9“^)  and  low  strain  rate  (10’^s“  ). 

5.2.1.  Raw  eicroatructure 

Here  again,  as  in  part  4,  the  RM  exhibits  two  different  evolutions  as  for  the 
associated  (cTjZ)  curves.  For  high  strain  rates,  refinement  of  microstructure  appears 
clearly  between  Z  =  .04  and  Z  =  1.0.  The  ex-^  grain  boundaries  can  be  easily 
distinguished  for  low  strains  but  not  for  large  ones.  The  a  needles  appear  to  be  broken 


Micrographs  showing  the  influence  of  strain  rate  on.acicular  structures 
evoLutionsjcase  of  AM  at  900  ®c.((a):6xl0  ;(b):l0  s  ) 


Figure  19  - 


-  Figure  20  - 


FM:  variations  of  5  at  927  ®c  function 
of  strain  and  strain  rate. 


FM:  consistency  of  Eq.(5)  at  927 
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at  90U  Mhich  indicates  their  presence  at  this  temperature.  The  a  phase  is  more  and 
more  globular  as  t  decreases  ‘especially  for  the  steady  state.  Of  course,  at  9Su  the 
evolutions  are  rather  similar.  The  main  difference  lies  in  the  a  percentage  present 
after  quenching  :  a  grains  are  fewer  according  to  the  phase  diagram.  Consequently,  the 
rapidly  quenched  ^  grains,  presenting  a  martensitic  structure  a',  clearly  appear. 

5. 2.2.  Annealed  alcrostructure  (figure  17) 

One  of  the  main  cunsequences  of  powder  annealing  is  the  coarsening  of  both  a 
needles  (GAH  decreases)  and  ^  grains  (when  discernable) .  All  the  tendencies  already 
given  for  RM  in  S.2.1.  remain  essentially  valid.  For  high  strain  rates,  a  breaking  is 
less  significant  as  for  RH  and  grains  can  be  easily  distinguished.  For  the  steady 
state,  no  strain  rate  can  lead  to  the  same  equiaxed  structure  of  a  as  in  KM.  Here  again, 
when  T  increases  to  93U^C,  ti.e  0  grains  ''‘■crease  witn  a  few  broken  a  platelets.  For  low 
strain  rates,  new  0  grains  appear  at  the  boundary  of  elongated  grains  suggesting  a 
recrystallization  phenomenon  (figure  to). 

S.3.  Hodelling  of  structural  evolutions 

Figure  19  enlightens  the  evolutions  of  the  FH  average  a  grain  size  D  as  a  function 
of  strain  rate  for  e=.9  and  esi  at  T=927  ^C.  Assuming  that  it  could  be  modelled  by  the 
following  relationship  : 


B  =  Di)  +  ktl  {□,  Oo  in  pm  (Dg:^  pn<)i  t  in  s)  (^) 

calculationa  using  linear  regression  have  led  to  ks.OtOB  and  l=.7b  with  a  correlation 
coefficient  of  .98.  Figure  20  shows  the  consistency  of  this  relation  (^)  with  tne 
experimental  data . 

For  the  scicular  structures,  quantification  of  grain  size  appears  to  be  difficult 
to  carry  out  since  p  grain  boundaries  are  not  clearly  revealed.  Nevertheless,  tendencies 
can  be  pointed  out  and  are  preaented  in  figure  21  (see  next  page). 


6«  DISCUSSION 


6.1.  Comparison  of  rheological  results  with  litermture 

Few  studies  have  been  done  using  torsion  experiments  on  Ti*bAl-4V  alloy. 
Nevertheless,  HALCUR  and  HONTriCRLCT  [.l-oj  have  already  compared  some  equiaxed  and 
acicular  structures  in  the  800-12UU  ®C  temperature  and  3x10*  -3  s*  strain  rate  ranges. 
At  first,  comparing  the  two  studies  from  the  viewpoint  of  (?,c)  curves,  the  results  are 
rather  similar  :  for  3x10*  (i.e.  around  the  highest  strain  rates  of  the  present 
study),  acicular  structures  display  a  peak  curve  whereas  the  equiaxed  one  exhibits 
continuous  hardening  or  a  rapidly  established  steady  state.  Secondly .  though  the 
microstructures  are  quantitatively  different,  rheological  results  are  still  comparable. 
MALCOR  and  MONTHCILLCT  used  a  semi  empirical  law  to  describe  the  steady  state.  The 
hyperbolic  sine  SCLI.ARS-TCGAKT  relationship  led  to  a  very  good  agreement.  Comparison 
with  m  and  Q  between  the  two  studies  gives  (table  4)  : 


Present  study 

900  -  930  ®  C 

10*®  -  10**  8** 

HALCUK  [6J 
dOO  -,12UU  °C 
3xlU**-3  9"^ 

. 

m* 

1 

a 

(kJoules/mole) 

m 

U 

(kjoules/mole) 

Equiaxed 

FM 

,19 

492 

.19 

34b 

Acicular 

AH 

393 

.25 

bUU 

Table  4 

Compar i aon 
between  [bj 
and  the  present 
study.  (*)  m 
values  ootained 
by  averaging  tne 
9UU-93U  ®C  values 
for  steady  state. 


The  AM,  which  la  the  more  comparable  to  the  acicular  structure  cf  (.bj,  gives  almost 
the  same  values  for  m  and  U  and  may  lead  to  similar  behaviour  and  microatructural 
phenomena.  For  FM,  If  m  is  comparable,  the  slight  drop  in  the  u  valuer  between  [bj  and 
the  present  study  (-10!i%)  is  consistent  with  the  fact  that  tne  occurence  of  fine  grainea 
"•a^-^rial  superplastic  behaviour  is  associated  with  lower  activation  energies.  At  last, 
the  peak  stress  localization  takes  place  nearly  at  tha  same  strain  in  the  two  studies 
(between  .04  and  .1). 


6.2.  Compmtlmon  of  micromtructurml  mvolutlonm  with  Iltmtmturm  onmm 

Enhanced  grain  growth  during  superplastic  flow  is  now  well  known  since  the  studies 
of  GHOSH  and  HAMILTON  and  ARIEL!  at  al.  Ilb,17j«  FH  microatructure  in  the  superplaetic 
range  coarsens  mostly  because  of  grain  boundary  sliding  (GBS)  instead  u.'  dynamic 
recryatal 1 ization.  For  acicular  microatructurea,  the  present  results  are  consistent  with 
literature  (MALCOR  and  HONTHEILLET  i3,4,6j).  High  strain  rate  range  correaponda  to  grain 
refinement  whereas  low  strain  rates  lead  to  particle  coarsening. 

Several  studios  have  shown  dynamic  recrystallization  (UHX)  of  a  phase  in  Ti>6Al-4V 
alloy  [23-23J.  Such  a  mechenlam  occur^  for  equiaxed  structures  ss  well  as  for  acicular 
ones,  for  low  strain  rates  (i.e.  t<10*  a*^)  and  of  course,  seems  to  be  more  efficient 
at  900  than  at  930  [23].  In  fact,  around  tha  p  tranaus  (i.a.  930  *^0)  tne  a  volume 
fraction  is  low  and  the  grains  behave  like  hard  incluaiona  in  a  soft  matrix  (8)*  Such  a 


10*11 


consideration  is  consistent  with  the  ides  that  there  is  a  critical  a  phase  percentage 
below  which  the  behaviour  of  0  phase  is  predosinant  l4,6,26J.  Estimations  of  transient  a 
percentage  (i.e.  temperature)  is  about  that  of  927  for  fine  equiaxed  and  for 
coarse  lamellae  structures  from  [4,6).  At  95U  a  particles  cannot  be  strained  enough 
for  ORX  to  take  place  [4j.  The  work  performed  by  SHAKANUVA  et  al.  L27j  clearly  snows 
that  a  ORX  should  take  place  in  the  investigated  strain  rate  and  temperature  range  for  a 
sufficient  imposed  strain. 

The  fact  that  new  3  grains  are  produced  during  deformation  has  already  oeen 
observed  1,4,6,22J  in  the  dlo-TIOQ  temperature  range  below  1  s*^.  Some  authors 
attributed  such  a  phenomenon  to  ORX  of  ^  phase  [22»27J,  some  others  to  the  continuous 
recryatallization  (CRX)  occurring  by  a  progressive  misorientation  of  suograins  during 
deformation  |.4,6,2a,29J .  Such  a  phenomenon  is  found  in  heavily  strained  hign  stawing 
fault  energy  materials  [3U<-33J. 

6.3.  Influmnce  of  ■ierorntructurmi  mvolutionm  on  rheology 
6.3. 1.  Cquiaxmd  structure 

Enchanced  grain  growth  during  euperplastic  deformation  leads  to  an  apparent  strain 
hardening  [ 1 , 16 » 22 » 34 ] .  As  the  average  grain  size  increases^  the  flow  stress  increases 
and  m  decreases,  too  Ll»2,7,17|.  Mhen  strain  hardening  occurs,  m  determined  by  Eq.  (4) 
should  be  called  the  apparent  strain  rate  sensitivity  (ASRS)  Ubviouely,  as 
structural  evolutions  are  conditionning  rheological  ones,  the  strain  rate  sens!  tivity 
should  be  determined  at  constant  structure .  To  a  first  approximation,  o  may  represent 
the  structure.  Relation  r5T  allowed  the  choice  of  stresses  at  different  strain  rates, 
but  same  7,  to  determine  m3,  the  S.R.S.  exponent.  At  927  ^C,  calculations  using  linear 


regression  lead  to  m. 

«  .3  nearly  constant  with 

strain  with  a  good  correlation 

coefficient  (>.999).  Nrittinq  : 

Pa 

0  =  K  e  ®  D 

with 

m®  8  . 3 

(b) 

similar  calculation  of 

K  s  102.23  MPa  a"**  pm*^ 

Pa  for 

3x10-“  8-^, 

lead  to 

Pb  = 

1 .01  (correlation 

.94)  and 

Such  values  of  ffl3 

and  pg 

ate  rather 

similar 

to  those  found  in  literature  by 

ARIELI  and  ROSEN  [36j. 
written  aa  follow  : 

At  laat 

,  using  Eq. 

(3)  and 

(6). 

the  ASKS  exponent 

m  can  be 

m  8  mg  ♦  P3 

(Ull£) 

8  ffig 

-  Pa.l.  (liliiS.) 

(7) 

Sint  r 

u 

figure  22  illustrates  the  consistency  of  Eg.  (b)  at  927  for  the  chosen  strain 
rate  of  3x10“^8“  .  In  the  s""^  strain  rate  range,  discrepencies  still  remain 
(max.  10%),  but  such  a  relationship  gives  a  good  approximation  of  reality.  Figure  23 
shows  the  differences  between  the  experimental  m(LR)  ASRS  and  the  one  given  by  Eq.  (7)  { 
agreement  ia  rather  good  especially  for  large  strains. 

Nevertheless,  such  an  agreement  should  not  hide  the  limit  of  Eq.  (6).  The  main 
essumption  is  that  ?  should  represent  the  structure.  If  a  rapid  variation  in  t  during 
the  teat  is  asssumed  to  occur  at  a  constant  structure,  jump  tests  should  give  a 
determination  of  ms.  Such  tests  were  run  and  the  same  figure  23  snows  that  ffls 
decreases  when  Z  increases  (i.e  the  structure  coarsens)  ss  it  has  already  been  found 
[.16j.  Thus  5  is  only  a  first  order  approximation  of  structure.  At  last,  the  knowledge  of 
m  (ASRS)  and  m3  (SRS)  are  complementary .  If  m3  determines  the  behaviour  and  the  flow 
rule,  m  determines  the  ductility  (i.e.  the  flow  stability  for  a  material  in  a  given 
strain^strain  rate  state  (?,€)  to  support  further  deformation  given  by  (E^-AE,  . 

6.3.2.  The  sciculsr  structures 

Modelling  in  the  same  way  ss  6.3.1.  appears  to  be  diffcult  mainly  because  of  grain 
size  measurements.  Nevertheless,  a  qualitative  explanation  can  be  proposed. 

For  low  strain  rates,  the  stress  continuously  increases.  As  the  reference  fine 
grained  equiaxed  alloy  showed  it,  this  phenomenon  should  be  related  to  an  increase  of  p 
size  during  deformation,  especially  around  930  In  fret,  in  the  present  case,  at 
900  ®C,  neither  RM  or  AM  clearly  exhibit  grain  coaraeninc,  mainly  oecause  of  a  large  a 
proportion,  but  it  can  be  observed  in  the  case  of  930  °C.  The  fact  that  the  structure 
coarsens  leads  to  a  less  end  less  marked  tendency  to  superplasticity  and  is  consistent 
with  a  decrease  in  m  (ASRS)  value. 

In  the  high  strain  rate  range,  the  softening  is  mainly  due  to  the  comoined  effect 
of  both  the  fracture  of  a  needles  [4,6j  and  ORX  of  a  phase  [22,2dJ  at  9UU  wnere  a 
percentage  is  high.  But  at  930  ^C,  the  material  is  mair.ly  composed  by  au  %  of  p  phase. 
The  strain  induced  softening  is  more  characteristic  of  dynamic  recovery  (UN)  at  low 
strains  and  CRX  at  large  strains. 

6.4.  Occurrence  of  suparplmetlcity 

At  930  ^C,  end  3x10"**  above  fs,3,  FM  stress  exceeds  RM  one  whereas  m(FM)  ia 
lower  than  m(RM)  (cf.  part  4.3).  in  the  euperplastic  range,  large  values  of  a  are 
generally  associated  with  low  values  of  straaa.  The  variations  of  m  values  with  ?  can  be 
closely  related  to  the  stress  ones  (figure»13  and  13). 
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Fine  grained  atructurea  are  known  to  lead  to  a  euperplaatic  benaviour.  during 
deforaation  aakea  the  grain  coaraen.  Conaequently,  m  and  are  high  at  the  begininy 
of  d^'formation.  But  euperplaatic  behaviour  ia  strongly  grain  size  dependent,  and  is  leas 
marked  for  coarse  structures.  Outing  a  true  constant  strain  rate  path  encountered  in 
torsion  experimenta,  •  and  decrease.  The  bKS  variations  are  not  only  due  to 
microst  ructural  changes  but  also  to  the  involved  ..eunanisiiia .  Figure  z}  clearly 
eatabliahea  that  GBS  first  occurs  (e^>a}  out  is  progreaaively  replaced  oy  a  more 
classic  behaviour  characterized  by  grain  work  hardening  (GNH)  so  that  in3<m.  The 
tranaition  should  be  given  by  conditions  on  critical  values  of  strain  rate  as  it  was 
already  done  or  a  critical  value  of  5  2  •  below  i)^ ,  grain  size  is  small 
enough  to  allow  diffusion  mechanisms  to  take  place  and  lead  to  ubS  i  soove  Uq, 
diffusion  is  no  more  competitive  as  compared  to  dislocation  creep  and  UWH  occurs. 

Such  considerations  can  be  extended  to  acicular  structures  as  well,  especially  for 
low  strain  rates.  Because  of  GBS,  the  delay  at  which  GHH  occurs  may  explain  the  limited 
RX  phenoma  (a  DRX  or  3  CRX)  for  which  a  minimal  value  of  mechanical  stored  energy  is 
required  in  the  grain.  For  high  strain  rates,  RX  phenomena  occur  earlier  (esp.  (i  Ckx)  so 
that  GBS  may  be  established  further  for  rather  large  strains.  This  could  account  for  the 
fact  that  m  (RM  and  AM)  >  m(FM)  at  for  t  >  .b. 

7.  CQWCLUSIOHS 


Torsion  experiments  carried  out  by  torsion  testing  on  various  microstructures  of 
Ti>6Al-4V  alloys,  have  shown  results  similar  to  tension  studies  in  literature.  The  fine 
grained  reference  material  clearly  exhibited  the  well  known  dependence  of  strain  rate  on 
(?,5)  couple,  given  by  e  ^  (B/0)^.  If  such  a  relationship  accounts  for  stress  and  HbRb 
values,  the  consistancy  should  not  hide  its  limits.  The  latter  are  mainly  due  to  the 
fact  that  T5  may  not  represent  the  whole  structure  and  should  be  chosen  for  a  first  order 
approximation  of  rheology .  Despite  all  these  restrictions,  the  use  of  the  coupled 
relationships  (^)  *  (b)  should  be  made  for  implementation  in  computer  aided  simulation 
of  forging  [8J  or  bulging  [9,39].  As  compared  to  this  reference  material,  PH  *  hlP’eo 
acicular  structures  exhibit  similar  behaviour  with  slight  differences.  For  instance, 
strain  induced  RX  may  lead  to  structural  refinements  favourable  to  high  strain  rate 
sensitivity  phenomena  such  as  superplaatic  deformation  [7J.  The  main  problem  for  the 
development  of  PM+HIP+SPF  route  is  the  price  of  the  powder  and  the  cost  of  sintering 
operations  even  aided  by  predictive  compressive  computer  calculations  [4uj.  The  future 
of  acicular  structures  for  superplasticity  seems  to  be  restricted  to  few  applications. 
By  all  means,  production  of  such  parts  appears  to  be  more  competitive  using  PM>*-Cola 
Compression  ^  (Sintering  and  SPF)  (if  possible)  or  the  IR4>bPF. 
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Resumd 


Le  logiciel  FORGE  2  a  4te  developp^  par  le  CEMEF  sous  les  specifications  fonct  ion- 
nelles  de  la  SNECMA  pour  modeliser  les  ecoulements  de  la  matiere  au  cours  du  for- 
geage  isothcrme  de  pieces  axisymetriques.  Il  permet  de  prevoir  les  d^fauts  de  rem - 
plissage  des  matrices,  la  macro>et  la  microstructure  metal lurgique  de  la  piece  for- 
g4e  et  les  contraintes  sur  les  outillages. 

Apres  une  presentation  des  fondements  theoriques  du  modele,  on  expose  les  bases 
d ' une  methode  d ' identif ication  du  test  de  1 ' anneau  pour  une  formulation  de  type 
fluide.  f'uis  on  montre  un  exemple  d ' ut i 1 isat ion  de  FORGE  2  pour  la  mise  au  point 
d ' une  gamme  de  forgeage  isotherme  d ' un  disque  de  turboreacteur .  Cet  exemple  nume- 
rique  est  confront^  avec  des  forgeages  reels. 

Summary 

The  finite  element  model  FORGE  2  developped  by  CEMEF  under  SNECMA's  specifications 
describes  the  metal  flow  during  the  isothermal  forging  of  axisymmetric  parts.  It 
allows  to  predict  the  defects  appearing  during  the  deformation,  the  metallurgical 
structure  of  the  forged  part  and  the  stresses  on  the  die  impression. 

The  theoretical  aspects  of  the  model  are  described  here,  as  well  as  a  method  for 
identifying  the  friction  factors  in  a  fluid  formulation.  The  useful Iness  of 
FORGE  2  is  then  shown  by  comparing  the  experimental  and  numerical  forgings  of  a 
jet  engine  compressor  disk. 

INTRODUCTION 


Le  forgeage  isotherme  est  un  proc^de  de  forgeage  ou  les  matrices  sont  raaintenues 
a  la  m^me  temperature  que  la  pi^ce  a  forger. 

En  s ' af f ranchissant  du  ref roidissement ,  il  est  possible  de  realiser,  a  des  vites- 
ses  de  deformation  faibles  ou  les  contraintes  d'4couIement  sont  reduites,  des 
bruts  plus  pr^s  des  cotes  de  la  piece  termin^e.  Neanmoins,  au  cours  d ' une  telle 
operation,  les  ecoulements  de  matiere  sont  plus  complexes  et  les  concentrations  de 
contraintes  sur  les  gravures  plus  importantes  qu'en  forgeage  conventionnel .  Il  de- 
vient  necessaire  de  pouvoir  visualiser  les  ecoulements  et  les  contraintes,  des  la 
preparation  de  la  gamme  de  forge,  afin  de  limiter  la  procedure  d'essai  classique 
et  de  garantir  la  duree  de  vie  des  matrices. 

C'est  pourquoi  la  SNECMA  a  decide  de  se  doter  d'un  logiciel  d'aide  a  la  preparation 
de  gammes.  Le  CEMEF,  laboratoire  de  1 'Ecole  des  Mines  de  Paris,  a  developpe  FORGE  2 
sous  specifications  fonctionnel les  SNECMA.  Ce  code  de  calcul  y  est  maintenant  ope- 
rationnel . 


Cet  article  ddcrit  les  fondements  du  modele  elabore  a  partir  d'une  formulation  du 
type  fluide.  Une  difficulte  associee  a  une  telle  formulation  est  1 'expression 
puis  1 ' identif ication  d'une  loi  de  frottement.  On  presentera  une  methode  pour  le 
depouiilement  du  test  de  1 'anneau.  Enfin  la  gamme  de  forgeage  isotherme  d'un  dis¬ 
que  de  coiBpresseur  sera  dtudi^numeriquement  et  correlee  sur  des  forgeages  soit 
de  pieces  r6elles  en  TA6V  soit  de  pieces  modele  en  alliage  Pb38-Sn62. 


DESCRIPTION  DU  LOGICIEL  FORGE  2  L  IJ 

2.1  -  Comportement  rheologique  du  materiau 


Bn  forgeage  a  chaud,  il  est  tr^s  difficile  de  mettre  en  evidence  un  seuil 
plastique.  De  plus,  la  competition  entre  les  m^canismes  d ' 6crouissage  et 
d ' adoucissement  ( restauration  ou  recristal 1 isation  dynamique)  induit  une 
grande  dependence  de  la  contrainte  d ' ecoul ement  vis  k  vis  de  la  vitesse  de 
deformation.  Ceci  a  conduit  a  faire  le  choix  d'une  formulation  ou  le  d^via- 
teur  du  tenseur  de  contraintes  s  est  relie  au  deviateur  du  tenseur  de  vites- 
ses  de  deformation  4  par  la  loi  de  Von  Mises  general isee  : 

-ij  =  ('/M 
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La  loY  de  comportement  rheologique 
par  une  loi  en  puissance  de  ^  s 


du  aateriau  exprime 

1/2/3  e.  7e  . 

I  iJ  iJ 


a 


13/2  s.  .:s. . 
»  ij 


0  =.  <7  K  ('O  7  »“ 


Une  telle  loi  peut  etre  definle  par  morceaux  pour  mieux  representer  le  compor¬ 
tement  d ' un  materiau  reel  sur  un  grand  interval le  de  vitesse  de  deformation. 

2.2  -  Loi  de  frottement 


La  forme  generale  de  la  cission  de  frottement  est 


ou  Vg  designe  la  vitesse  de  glissement  de  la  piece  relativement  a  la  matrice. 
Cette  loi  considere  la  couche  lubrifiante  comme  nne  courhe  limite  d ' un  materiau 
similaire  a  celui  forge.  II  existe  peu  de  donnees  relatives  a  cette  formulation 
On  donnera  au  paragraphe  3  une  methode  d ' ident i f icat ion  des  coef f ic ients a  et  p. 

2.3  -  Principe  variationnel 

A  un  instant  donnc,  le  champ  de  vitesse  en  cheque  point  du  corps  deformable 
(  fl  )  minimise  la  f onct ionnel le  introduite  par  HILL  [2} 

♦•(V).  J^dx  .j  Fds 

( dG  »  ad7  et  dF  s  rdVg)  tout  en  respectant  1 ' incompressib i 1 i te  et  les  condi¬ 
tions  aux  limites  de  la  frontiere  (  60).  Pour  des  raisons  numeriques,  il  est 
pins  simple  de  minimiser  la  fonct ionnel le  oenalisee  : 

♦  (V)*  «p(V)  .  I  pfdiv^V  dx 

Jo 

Le  champ  de  deplat:ement  s'obtient  par  integration  temporelle  dii  champ  de  vites¬ 
se  :  de  meme  le  champ  des  deformations  general isees  resulte  de  1 ’ i ntegrat i on 
du  champ  des  vitesses  de  deformation. 

2.4  -  Formulation  par  elements  finis  -  Discretisation  temporelle 

L'eiement  fini  choisi  est  un  quadrilatere  isoparametrique  a  4  noeuds.  Le 
champ  de  vitesse  a  I'interieur  de  l’eiement  s'obtient  en  multipliant  le  vec- 
teur  vitesse  nodale  par  la  matrice  d ' interpoll at  ion . 

Resolution  en  vitesse 


On  appelle  r(V)  le  gradient  par  rapport  aux  vitesses  nodales  de  la  fonction- 
nelle  ^  discr4tisee.  La  minimisation  de  sur  le  champ  de  vitesses  nodales 
est  alors  equivalente  a  la  resolution  de  r(V)  =  0.  On  utilise  la  methode  ite¬ 
rative  de  NEWTON  RAPHSON  en  initialisant  le  champ  de  vitesse  pour  une  rheolo¬ 
gic  Newtonnienne  ( p  s  m  s  1 ) .  La  solution  V”  est  obtenue  a  la  nieme-iteration 
quand  r(V*')  est  suffisamment  petit  et  quand  la  suite  V”  est  stationnaire . 


Integration  temporelle 

On  a  fait  le  choix  d ' un  schema  explicite.  Les  nouvelles  coordonnees  nodales 
sont  calculees  a  partir  du  champ  de  vitesse  : 


et  1  '  ecrouissage  cumule  par  : 

't.  »t  ”  't  * 

2.5  -  Prise  en  compte  du  contact  piece-matrice 


Au  cours  de  la  deformation  les  noeuds  du  maillage  en  contact  avec  la  matrice 
peuvent  decoller  et  ceux  initialement  libres  peuvent  venir  toucher  la  matri¬ 
ce  ;  le  contact  est  unilateral. 


Le  decollement  est  traite  en  testant,  sur  chaque  champ  de  vitesse  solution, 
la  contrainte  normale  sur  la  matrice.  Si  pour  1 'ensemble  des  noeuds,  cette 
contrainte  est  en  appui,  les  conditions  aux  limites  -t  le  champ  solution  sont 
declares  valides. 


Si  pour  un  noeud  cette  contrainte  est  en  traction  (condition  irrealiste.  un 
noeud  du  maillage  tirerait  sur  le  cote  de  la  matrice),  on  modifie  les  condi¬ 
tions  aux  limites  pour  relacher  ce  noeud  puis  on  recalcule  le  champ  de  vitesse. 


Si  aprfes  deplacement,  un  point  de  maillage  se  trouve  a  I'interieur  de  la  matri¬ 
ce,  sa  position  est  corrlgee  par  projection  orthogonale  sur  le  cote  le  plus 
proche.  L'erreur  commise  est  du  meme  ordre  de  grandeur  que  celle  propre  a  la 
methode  des  elements  finis. 
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2.6  -  ReBaillage 

Un  meme  maillage  peut  rarement  d4crire  une  operation  complete  de  forgeage. 

En  effet,  il  n'est  pas  rare  qu'au  cours  de  la  deformation,  un  ou  plusieurs 
elements  d4g4n4rent  en  devenant  pseudotriangulaires  ou  ia4me  concaves  ;  il 
arrive  aussi  qu'a  cause  des  contacts  successifs  le  maillage  initial  ne  soit 
pas  assez  fin  pour  repr4senter  les  nouveaux  details  du  contour  de  la  matrice. 


Il  est  necessaire  alors  de  proc4der  a  un  remaillage  partiel  ou  complet.  Cette 
operation  realise  aussi  le  transport  de  1 'ecrouissage  et  de  toutes  les  gran¬ 
deurs  incrementales  associ4es  It  un  point  matdriel  . 


Le  choix  de  1' instant  le  plus  tardif  du  remaillage  est  dict4  par  des  crite- 
res  objectifs  (perte  de  volume  trop  importante  due  a  une  mauvaise  prise  en 
compte  des  matrices,  incrdment  local  de  ddformation)  calcul4  par  le  program¬ 
me.  Cependant,  le  prdparateur  de  forge  peut  Juger  pr4f4rable  de  remailler  a 
partir  de  n* imports  quel  instant  antdrieur. 


3  -  IDENTIFICATION  D ' UWE  LOl  DE  FROTTEMENT 

3.1  -  Formulation  d * une  loi  de  frottement 


3.1.1  -  Critique  de  la  formulation  classique  de  Tresca 


En  modelisation  de  forgeage,  la  representation  classique  du  frottement 
est  celle  de  Tresca  C33  •  Elle  fait  appel  a  une  notion  dc  seuil  de 
contralntes  en-dessous  duquel  il  n*y  a  pas  de  glissement. 

Si  le  glissement  se  produit,  alors  la  contrainte  du  cisaillement  t  est 
fix4e  a  une  fraction  de  la  contrainte  d'ecoulement  a  du  materiau  forge  : 
m  a  t/a  et  0  <  m  <1.  Cette  formulation  est  part icul ierement  bien 
adaptee  au  cas  d'un  frottement  sec  d'un  mat4riau  de  Von  Mises  ou  1 'ef¬ 
fort  results  de  la  deformation  des  pics  de  rugosit4.  Elle  montrA  son 
op4rat ionnal ite  et  ses  limites  par  de  multiples  correlations  avec 
1 'experience  [4} 

Une  telle  approche  n*est  pas  adaptee  dans  le  cas  d*une  formulation 
fluids.  En  effet,  il  n'existe  pas  de  seuil  en-dessous  duquel  I'ecoule- 
ment  n'a  pas  lieu.  Il  paralt  illogique  de  correier  la  contrainte  de 
cisaillement  de  frottement  en  un  point  de  contact  A  la  contrainte 
d'ecoulement  qui  depend  de  la  vitesse  de  deformation  dans  1 'element 
de  matiere  juste  au-dessus  de  ce  contact.  Par  example,  dans  le  cas 
d'un  glissement  sans  deformation,  le  frottement  serait  obi igatoirement 
nul . 

Dans  le  cas  du  forgeage  isotherms,  il  est  de  plus  necessaire  de  tenir 
compte  de  la  grande  amplitude  de  vitesse.  Entre  le  debut  et  la  fin  de 
1 ' ecrasement ,  celle-ci  peut  en  effet  varier  de  4  ordres  de  grandeur. 


Des  tests  de  1 ' anneau  realises  sur  du  TA6V  en  condition  isotherme 
montrent  une  difference  significative  entre  le  coefficient  de  frotte¬ 
ment  a  10”4  s-I  et  celui  a  10“^  s“^  (tableau  I).  Il  est  done  necessai¬ 
re  que  la  contrainte  de  frottement  depende  de  la  vitesse  . 


10*^  s'* 

10"^  s  ^ 

TK 

0,05 

0,08 

0,  10 

Tableau  1  :  Evolution  du  coefficic:nt  de  TRESCA  avec 

la  vitesse  de  deformation  initiale 

-  anneau  6/3/2  matiAre  TA6V 

-  lubrifiant  :  email 

-  reduction  de  hauteur  :  dH  %  =  30^ 

3.1.2  -  f'ormulation_de  couche  limite 

La  formulation  de  couche  limite  tient  compte  Je  la  nature  de  la  couche 
lubriflante  A  1' interface  matrice/piAce  forgee.  C'est  une  couche 
d 'email  pateux  parfois  charge  de  particules  calibrees  pour  aider  au 
demoulage.  Le  comportement  de  ces  verres  est  generalement  newtonnien 
et  parfois  binghammien  (fig.  l).  La  dependance  de  la  viscosite  avec  la 
pression  est  generalement  faible  •  Le  comportement  rheologique 

d'un  tel  materiau  peut  alors  s'ecrire  :  't  -  ou  pest  la  vitesse 

de  cisaillement  et  la  consistance  ou  la  viscosite  dans  le  cas  Newton¬ 
nien  . 


i 


t 
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Si  on  neglige  1 ' ecoulement  propre  de  la  couche  limite  due  au  gradient 
de  pression,  la  contrainte  de  cisaillement  generee  par  la  couche  litni- 
te  d'4paiaseur  e  d'un  tel  aat^riau  s'^crit  alors  : 

(  ,/eP)  V^P 

Vg  designe  la  vitesse  de  glisseaent.  La  loi  (2*2)  derive  de  cette  ex¬ 
pression  quand  I'epaisseur  de  rev^teaent  est  constants. 

3.2  -  Determination  des  coefficients  de  la  loi  de  frotteaent 

3.2.1  -  Cas  du  frotteaent  de  Tresca 


La  determination  du  coefficient  de  frotteaent  de  Tresca  n  est  effectuee 
de  fa^on  courante  en  forgeant  un  anneau  de  geoaetrie  fixes .  On  mesure 
la  hauteur  apres  forgeage  ainsi  quc  le  diametre  interieur,  puis  on  trou- 
ve  V  en  reportant  les  variations  de  ces  grandeurs  dans  des  abaques  de 
frotteaent  TVM  [  4 ]  • 

L ' util isat ion  de  ces  abaques  repose  sur  la  similitude  des  ecouleaents 
quelle  que  soit  I'echelle  de  1 'anneau  forge.  Une  analyse  diaensionnel 1 e 
montre  en  effet  que  IK  est  une  des  variables  adiaensionnelles  du  syste- 
ae . 


3.2.2  -  Cas  du  f rottement_de  couche  limite 

3.2.2. 1  -  Definition  de  1 ' intensite  de  frotteaent 

Dans  le  cas  d'une  rheologie  fluids  en  1 oi-puissance ,  avec  un  frotte- 
aent  de  couche  limite,  la  variable  adiaensionnel le  de  frotteaent  est  en 
touts  rigueur  une  variable  locale  :  f^  (M,P)  qui  compare  la  puissance 
dissipde  par  le  frotteaent  en  tout  point  de  contour  M  avec  la  puissan¬ 
ce  de  deformation  en  tout  point  P  du  volume  : 

f‘(M,P)  .  3'^”*'*''^.V^P(M).(  a /K).  »•"(?) 

A  partir  de  cette  expression  f*  et  compte  tenu  des  similitudes  geome- 
triques  et  cinematiques  on  peut  d^finir  I'intensit^  de  frottement  d'un 
^coulement  par  : 

f  =  ^  ^p-« 

ou  L  designe  une  dimension  caracteristique  du  frottement  et  ?  la  vites¬ 
se  de  deformation  de  reference. 

A  partir  de  cette  expression,  nous  aliens  etablir  les  regies  de  simili¬ 
tude  parfaite  puis  approchee  et  en  deduire  une  methode  de  depoui 1 lement 
du  test  de  1 'anneau  applicable  a  la  determi nat i on  des  cocf f ici ent s  o et p 
du  frottement  de  couche  limite. 


3. 2. 2. 2  -  Conditions  de  similitude  parfaite  ;  determination  de  p 


On  considere  deux  Ecouleaents  1  et  2  dont 
<7  .  3-(»i*l)/2  K 


jm. 


lui  de  comportement  vaut : 
1  >2 


i=  1,2 


et  la  loi  de  frottement  : 

T  =  ,  V^Pi 

Pour  avoir  la  similitude  des  champs  de  vitesse,  il  est  necessaire 
d'avoir  la  similitude  des  contraintes.  Ceci  necessite  I'identite  entre 
les  exposants  de  sensibilitE  a  la  contrainte  rhEoIogique  m  = 
et  tribologique  Pj=p2  =  p  (2),.  Le  rapport  des  intensites  de  frottement 
s'Ecrit  alors  :  « 


.,/K, 


1 


La  similitude  du  rapport  des  contraintes  de  deformation  aux  contrain¬ 
tes  de  frottement  impose  :  f^/fj  =  I  (3).  On  en  deduit  que  peur  garder 
la  similitude  entre  deux  Ecoulements  : 


-  si  p  0  le  choix  d'une  echelle  spatiale  impose  celui  du  rapport  o/K. 
Autrement  dit,  pour  un  revetement  ayant  une  loi  de  comportement  fixee 
(  a,  p)  1 ' IntensitE  de  frottement  dEpend  de  I'Echelle  spatiale. 

Si  p  =  0  on  retrouve  un  frottement  indEpendant  de  1 'Echelle. 

-  Si  p  ^  m  le  choix  d'une  Echelle  temporelle  impose  celui  du  rapporta/K. 
C'eat-i-dire  que  pour  un  revEtement  donnE  1' intensite  du  frottement 
dEpend  de  la  vitesse  de  dEforaation. 


Si  p  s  m,  en  partimilier  dans  le  cas  Von  Mises  p=ra=0,  le  frotteaent 
est  indEpendant  de  la  vitesse. 
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Ces  trois  conditions  assurent  I'^quilibre  mecanique  de  deux  corps  de- 
formables  cinefflatiquement  seablables.  Elies  sont  done  suffisantes 
pour  assurer  la  similitude. 

Les  criteres  de  similitude  parfaite  conpliquent  le  d^pouil lenent  du 
test  de  I'anneau.  Neanaoins ,  la  connaissance  de  p,  K  et  m,  des  echel- 
les  spatiale  et  temporelle  et  1 ’ appl icat ion  de  ces  regies  permettent 
de  determiner  a  a  partir  d*une  abaque  <p,  m)  /  AH%  calculee  pour 

des  dimensions  d'anneau  et  une  vitesse  de  forgeage  arbitraire. 

Pour  ce  faire,  il  est  necessaire  de  conna£tre  p  a  priori.  Ceci  n ' est 
g^ndralement  pas  realist.  De  plus,  il  semble  qu'il  faille  disposer 
d ' un  jeu  d'abaques  pour  tous  les  couples  (m,  p)  representatifs  d'un 
materiau  et  d'un  frottement  reel.  Ces  difficultes  peuvent  etre  resolues 
par  1 ' appl ication  des  regies  de  similitude  approchees. 

3*2. 2. 3  -  Conditions  de  similitude  approchee  ;  determination  de  p 

On  considere  que  deux  ecoulements  pourront  etre  approximativement  sem- 
blables  si  est  peu  different  de  ni2 et  peu  different  de  p2*  La 

notion  de  ”  peu  different  ”  d4pendra  de  la  qualite  de  la  similitude  re- 
cherchee . 


Dans  ce  cas  le  rapport  des  intensitds  de  frottement  s'ecrit 


Vf.- 


»l/f,  ■  •  T"!-"! 

La  condition  de  similitude  approchee  impose  uniquement 


(L,P2/L  ^1) 


Tj-2- 


La  condition  de  similitude  entre  un  materiau  rigide  plastique  de  Von 
Mises  et  un  materiau  du  type  fluide  s'^nonce  f  s  (If.  11  s'ensuit  qu'on 
peut  consid^rer  SI  conme  une  mesure  de  I'intensite  de  frottement. 

Le  rapport  des  intensites  de  frottement  pour  des  anneaux  realises  dans 
le  meme  materiau  et  forges  avec  le  meme  lubrifiant  peut  alors  s'ecrire 
Vf,.  ■,/«,.  (4/L,)P  (  Tj/ 

Il  s'ensuit  que  p  peut  se  determiner  en  coraparant  les  intensites  de 
frottement  pour  des  anneaux  de  taille  diff^rente,  et  m-p  s'obtient  a 
partir  du  forgeage  d'anneaux  identiques  realises  a  des  vitesses  dif- 
ferentes . 


3. 2. 2. 4  -  Application  il  la  determination  des  coefficients  tribologi- 
ques  du  rev^tement  mentionn^  au  §3.1.1 

L'anneau  est  de  g^om^trie  6/3/2  et  de  hauteur  20  mm.  La  vitesse  de 
forgeage  est  constante.  La  vitesse  de  deformation  indiqu^e  est  la  vi¬ 
tesse  de  deformation  initiale.  La  loi  de  comportement  de  I'alliage  a 
ete  deterrainee  par  ailleurs  et  vaut  e  s  105 

Les  reductions  relatives  du  diametre  interieur  sont  reportees  sur 
1 'abaque  TVM(fig.  2a).  Les  coefficient  de  frottement  correspondants 
sont  reportes  sur  un  diagramme  m/ t  (fig.  2b).  a  est  a juste  en  repor- 
tant  les  reductions  de  diametre  sur  une  abaque  (p,m)  (fig.  2c). 

3-3  -  Conclusion 

La  formulation  en  rouche  limite  t «  a x  du  frottement  est  compatible  avec 
une  formulation  fluide  du  materiau.  ^ 


Elle  represente  bien  la  couche  de  verre  lubrifiant  et  est  particul ierement 
adaptee  a  la  modeiisation  d'operations  de  forgeage  ou  1 'amplitude  de  varia¬ 
tion  de  vitesse  est  grande.  On  a  montre  dans  ce  chapitre  une  methode  d' iden¬ 
tification  des  parametres  a  et  p.  Elle  a  ete  appliquee  a  un  email  lubrifiant 
pour  le  forgeage  isotherms  du  Ta6v. 

ETUDE  EXPERIMENTALE  ET  NUMERIOUE  DE  LA  GAMME  DE  FORGEAGE  D'UN  DISOUE  DE  COMPRESSEUR 
^  TA6V  - -  - 


4.1  -  Conduite  des  forgeages 

Le  disque  forge  est  represente  en  fig.  3. 

4.1.1  -  Simulation_sur_allia|^e  P^_3§_;_Sn_62 

L'echelle  de  travail  est  1  :  3  des  dimensions  reelles.  Les  lopins  sont 
usines  dans  une  barre  extrudes  dans  un  rapport  4:1*  Avant  le  forgeage 
final ,  les  ebauches  sont  mises  A  la  dimension  par  un  ecrasement  en  ba- 
gue.  Une,  eiancee,  a  un  rapport  hauteur  sur  diamAtre  H/0  s  0,93  (fig. 
4a)  ;  pour  I'autre,  plus  plate,  on  a  H/0  ^  0,40  (fig.  5a).  Le  forgeage 
est  effectue  sur  une  presse  hydraulique.  Il  est  interrompu  pour  relever 
la  forme  de  la  piAce  au  conformateur . 
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4>1«2  -  For^eage_numerigue 

Pour  les  vitesses  de  deformation  considerees,  la  loi  de  comportement 
de  I'alliase  Pb  38  Sn  62  est  a  =  64  Celle  du  T46V  vaut  o  = 

105  X  L'experience  aontre  que  I'alliage  PbSn  permet  de  bien  si- 

ffluler  le  reapllssage  de  la  gravure  au  cours  de  forgeage  du  TA6V.  Les 
siaulations  nuaeriques  ont  etd  effectuees  avec  la  loi  de  comportefflent 
du  TA6V.  La  loi  de  frotteaent  est  celle  Identifiee  au  chapitre  prece¬ 
dent.  Trois  remaillages  ont  ete  necessaires  pour  achever  le  calcul. 

4.1.3  -  Forgeage  i-sotherBe_du  TAbV 

Suite  aux  simulations  effectuees,  seule  I'ebauche  plate  a  ete  forgee. 

Sa  mise  aux  cotes  r6sulte  d'un  forgeage  conventionnel  a  la  presse. 

Dans  ce  cas  aussi  les  ecrasements  ont  ete  interrompus  pour  un  releve 

des  formes  intcrm6diaires .  La  lubrif ication  est  effectuee  avec 
1 'email  caracteris6  au  chapitre  precedent. 

4.2  -  Evolution  des  4coulements  exterieurs  !  choix  des  dimensions  de  I'ebauche 

4.2.1  -  Simulation  Pb-Sn 

Dans  le  cas  de  I'ebauche  elancee,  la  toile  centrale  se  fait  poin9onner  ; 
la  surface  laterale  devient  tonnoide.  Pour  une  reduction  de  hauteur  de 
66  %,  la  Jante  se  referme  en  contre  depouille  sur  le  noyau  central  : 
c ' est  une  amorce  de  repli  (fig.  4b). 

La  surface  laterale  de  I'ebauche  plate  touche  la  paroi  exterieure  de  la 
matrice  des  le  debut  du  forgeage.  La  jante  se  remplit  par  un  filage 

simultane  vers  le  haut  et  vers  le  has  de  la  gravure  ;  cependant  I'ecou- 

lement  vers  le  haut  est  favorise  par  la  depouille  de  la  matrice  (fig. 5b) 
Le  remplissage  du  bossage  sup6rieur  et  du  conge  inferieur  a  lieu  en  fin 
d'^crasement  et  reste  imparfait  (fig.  5c). 

4.2.2  -  Forgeage  num^ri^ue  (fig.  6*7) 

Pour  les  deux  formes  d'6bauches,  les  ecoulements  exterieurs  calculrs 
sont  identiques  aux  ecoulements  exp6rimentaux ,  I’ebauche  plate  permet 
le  remplissage  correct  de  la  gravure. 

4.3  -  Morphologie  du  fibrage  :  modification  du  brut  de  forge 

4.3.1  -  Fibrage  du  TA6V^et  representation  num^rigue 

Pour  le  TA6V,  le  fibrage  traduit  1 ' anisotropi e  macroscopi que  des 
grains  a  qui  apparaft  tors  de  la  conversion  du  1  ingot  en  billetto. 

Lors  d'un  forgeage  tel  qu'il  est  d6crit  ici,  conduit  sous  le  transus/1 
on  peut  consid6rer  que  les  grains  0  se  romportent  comme  des  particu- 
les  dures  transport6es  par  la  matrice  .  Le  fibrage  calcule  r^sulte 
aussi  du  transport  des  noeuds  d’un  matllage  convectif. 

Un  fibrage  trop  sinueux  avec  des  replis  conduit  a  des  faiblesses  en 
fatigue  ol igocyc 1 ique . 

4.3.2  -  Allure  du  fibrage  experimental  (fig.  8) 

II  suit  assez  bien  le  contour  exterieur  du  disque.  Cependant,  il  est 
relativement  sinueux  au  debouche  de  la  toile  centrale  et  se  replie 
pr^s  de  la  surface  du  disque.  De  plus,  il  existe  trois  singularites 
Sur  le  contour  interieur.  Deux  replis  se  sont  formes  tout  autour  des 
noyaux  superieurs  et  inferieurs  k  environ  15  mm  de  la  toile.  Les  for- 
geages  interrompus  montrent  qu'ils  apparaissent  lorsque  le  filage  de 
la  jante  est  arr6t6e  par  le  fond  et  le  sommet  de  la  matrice.  La  troi- 
si6me  singularity  se  situe  au  3/4  de  la  hauteur  du  noyau  central.  En- 
dessous  de  ce  point,  le  fibrage  est  ascendant  ;  au-dessus,  il  est  des¬ 
cendant  . 

4.3.3  -  Allure_du  fibrage  calcule 

On  a  teste  deux  proc4d4s,  Le  premier  est  une  description  de  1 'opera¬ 
tion  ryelle  :  le  fibrage  initial  est  celui  du  lopin  apres  ^bauchage 
final  k  la  presse.  Le  deuxi^me  aurait  consisty  en  un  forgeage  direct 
d ' une  ybauche  usinye  dans  une  barre  de  grand  diametre  :  le  fibrage 
initial  est  cylindrique. 

Dans  le  premier  cas  (fig.  9),  on  retrouve  un  faciys  similaire  au  fi¬ 
brage  ryel  :  en  particulier  le  repli  interne  qui  prolonge  I'ycoule- 
ment,  au  dybouchy  de  la  toile  et  le  point  singulier  au  3/4  du  noyau 
supyrleur,  Les  replis  n ' apparaissent  pas,  on  peut  supposer  qu’ils  ry- 
sultent  d'une  instability  locale  que  FORGE  2  ne  salt  pas  detecter. 
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Dans  le  deuxi^me  cas  (fig*  10c)  le  fibrage  est  plus  regulier  et  garde 
le  facies  general  de  celui  de  la  barre  d'origine.  On  renarque  n4an- 
ffloins  la  singularite  au  3/4  du  noyau.  L ' observation  des  etats  interne- 
diaires  nontre  que  celle-ci  provient  du  poin^onneraent  en  debut  de  for- 
geage  (fig.  lOa-b).  11  apparait  aussi ,  quoique  moins  marque  que  dans 
le  cas  precedent,  un  debut  de  sinuosity  au  d^bouche  de  la  toile. 

Ces  cooparaisons  deux  deux  fibrages  nontrent  bien  1' influence  des  deux 
operations  de  forge  sur  la  nacrostructure  du  produit  final.  On  pour- 
rait  etre  tente,  au  vu  de  ce  resultat,  de  forger  une  ebauche  directe- 
ment  usin^e  dans  la  barre  mais  cette  gamne  n 'assure  pas  un  corroyage 
suffisant  dans  le  volume  du  disque  (fig.  ll). 

Une  modification  du  brut  qui  augmente  un  peu  sa  masse  reduit  les  con- 
traintes  dans  les  matrices,  consists  a  agrandir  les  conges  (R5-^R20) 
du  raccordement  toile/noyau  ;  le  fibrage  resultant  (fig.  12)  est  tout 
a  fait  satisfaisant . 


5  -  CONCLUSION 

FORGE  2  est  un  outil  op^rationnel  a  la  forge  de  la  SNECMA  pour  4tudier  une  gamine  de 
forge  de  fa^on  rationnelle.  Meme  avec  des  lois  rheologique  et  tribologique  simples, 
ce  logiciel  permet  de  decider  du  choix  d'un  brut  de  forge  et  d'une  gamme  a  partir  de 
crit^res  tels  que  l'4volution  du  fibrage  ou  la  repartition  des  deformations. 

De  1 ' observation  des  4tats  interm^diaires  entre  l'4bauche  et  la  piece  forg^e  resul¬ 
ts  une  meilleure  comprehension  des  ecoulements  et  de  la  formation  des  d^fauts.  Bien 
que  cet  aspect  n'est  pas  ete  presente  ici,  FORGE  donne  aussi  acces  aux  contraintes 
sur  les  matrices. 

D'autres  developpements  de  ce  code,  finances  par  des  industriels  europeens  dont  la 
SNECMA  et  les  Services  Officiels  Fran^ais,  sont  en  cours  ou  en  voie  d'achevement 
au  CEMEF  (forge  2D  avec  thermique,  30  avec  ou  sans  thermique,  amelioration  des  temps 
de  calcul).  Ils  permettront  d'accroitre  le  champ  d ' appl ication  de  FORGE  2. 
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Fig.  5a  ;  ^bauche  plate 
H/0  =0,40 


Fig.  5b  :  filage  simultan^  de 
la  jante  (cote  +  20 
dH*  =  -425g) 


Fig.  5c  :  fin  de  forgeage 
1 ’ 6coul ement 
est  sain 


Fig.  4  et  5  :  Evolution  des  contours  au  cours  de  la  simulation  de  forgeage 
avec  I'alliage  Pb38  Sn62 
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COMPUTER  PREDICnON  OF  INTERNAL  STRESSES  DURING  HEAT  TREATMENT* 

by 

D  Assaker  and  M  Jlogge 
LTAS  —  Thennomecanique 
UniversitedeLi^ 
rue  Ernest  Solvay  21 
B-4000  Li^,  Beigiuni 

ABSTByTi  The  problen  of  dotenaiirlng  straaaes  due  to  tbamal  and 
tranaformatlon- Induced  volume  changes  during  the  quenching  of  hot  steel  bodies  Is 
Investigated.  Since  there  Is  no  proper  experimental  way  to  determine  the  local 
stress  field  during  the  heat  treatment,  a  finite  element  model  that  addresses  this 
problem  la  developed,  which  allows  for  stress  history  knowledge  and  prediction  of 
the  residual  stress  field  In  the  finished  body. 

All  tharmophyslcal  properties  are  temperature  dependent.  In  case  of  steel  bodies  an 
additional  parameter  related  to  the  cooling  rate  enables  to  localise  microstructure 
state  on  a  Continuous  Cooling  Tranaformatlon  diagram.  The  efficiency  of  the  model  Is 
demonstrated  through  a  detailed  computation  of  stresses  in  a  quenched  steel  cylinder. 
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NECHAMICAL  PROPERTIES 


E  Young  modulus 

V  Poisson's  ratio 
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h'  strain  hardening  modulus 

R  matrix  of  elastic  compliances 

THERMAL  PROPERTIES 


linear  (timgent)  thermal  expansion  coefficient 
secant  thermal  expansion  coefficient 
OL*  mean  thermal  expansion  coefficient 
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This  paper  is  dedicated  to  the  memory  of  Professor  0.  SANDER 
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0-  INTRODUCTION  AND  DITTERATURE  RZVIBW 


Among  general  tbermo-mecnanlcal  loaded  structures,  the  case  of  bodies  subjected  to 
heat  processes  like  quenching  Is  an  Important  one  for  Industrial  and  economical 
reasons.  Due  to  the  difficulty  and  cost  of  the  experimental  meana  of  Investigation, 
It  is  very  beneficial  to  preview  strain  and  stress  histories  during  the  cooling 
process  and  at  the  end  of  the  quench  (realdual  atresses)  by  numerical  computations 
such  as  those  Issued  from  Finite  Element  models.  These  numerical  computations  should 
help  practitioners  to  obtain  bodies  with  known  Internal  strain  and  stress  states  and 
should  avoid  unfavourable  final  geometries  or  cracks. 

Macroscopic  residual  atresses  can  be  divided  Into  two  classes! 

I)  The  thermal  streaaea  due  to  non  homogeneous  temperature  distribution  In  space  and 
time. 

II)  The  structural  stresses  resulting  from  volume  changes  during  phase 
transformation  In  steal  bodies. 

Both  classes  may  lead  to  plastic  Irreversible  strains  and  stresses. 

A  typical  residual  stresses  distribution  for  the  cross  section  of  a  cooled  cylinder 
Is  represented  on  fig  1.  In  case  of  elastic  behavior  the  stresses  are  tension 
stresses  at  the  surface  and  compression  ones  at  the  core  (fig  1, curve  1).  surface 
contraction  due  to  quick  cooling  Is  prevented  by  the  core  which  Is  still  at  higher 
temperatures.  No  stresses  reversal  along  the  radius  Is  observed. 

In  case  of  elastic-plastic  behavior,  the  typical  stresses  distribution  Is  shown  on 
fig  1,  curve  2.  We  observe  a  stress  sign  reverse  at  time  t  .  Note  that  phase 
transformation  may  change  considerably  these  stresses  profiles  In  case  of  steel 
bodies  (see  section  3D]. 


Fig.  1  -  Typical  temperature  and  stresses  distributions  in  a  quenched  cylinder 
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At  first,  qualitative  explanations  of  residual  stresses  distribution  were  atteispted 
by  BUHLER  (1930)  and  ROSE  (1950)  [Sll.  Both  of  tlien  try  to  explain  the  stress  state 
observed  at  core  and  surface  of  quenched  cylinders  according  to  steal 
mlcrostructure . 

Quantitative  studies  tiers  also  done  on  simplified  models:  elastic  or 
elastlc-perfectly  plastic  materials,  constant  thermo-physical  properties,  simplified 
geeaetries,...(  worjcs  by  SCOTT  (1925),  MAURER  (1928),  MURA  (1957),  ...) 

Recent  wor)cs  are  baaed  on  nonlinear  finite  element  codes  with  a 
thermo-elastlc-plastlc  model  using  small  strain  hypothesis  and  considering  (or  not) 
creep  affects.  The  difference  between  t)>ese  models  Is  the  manner  of  tajclng  Into 
account  phase  transformation  . 

INOUE  at  al.  [11,12]  studied  these  deformations  by  considering  t)iat  the  thermal 
expansion  coefficient  ^is  temperature  and  cooling  rate  dependent. 

SJOSTROM  [SI]  and  HILOnWALL  (Eli  used  an  Isothermal  transformation  cooling  diagram 
[sea  section  1]  and  considered  phase  transformation  as  carbon  content  and 
Instantaneoiis  temperature  dependent. 

DEMIS  [Dl]  Introduced  couplings  l3et%«een  phase  transformation  and  stress  history. 
RAMMERSTORFSR  [Rl]  too)c  Into  account  phase  transformation  by  considering  sharp 
variations  of  with  temperature  and  by  reducing  the  yield  stress  In  the  p)ia8e 
transformatlcn  t^aperature  intervals. 

This  brief  lltterature  review  Is  clearly  not  complete  but  It  outlines  the 
complexities  and  difficulties  In  the  model: 

-  All  thermo-mechanical  properties  imist  be  temperature  and  mlcrostructure  dependent. 

-  Couplings  exist  bet%«een  nmtallurglcal  properties,  temperature  history  amd  stress 
history. 

-  Determination  of  the  effective  thermoroechanical  properties  during  cooling  for 
steel  bodies:  a  choice  la  to  be  made  between  an  Isothermal  or  a  continuous  cooling 
diagram,  depending  on  the  heat  treatment  processes  analysed. 

This  class  of  problems  has  long  been  adressed  to  by  CRM*  [Ml]  and  his  Industrial 
partners.  We  have  been  aa)ced  to  Include  all  these  aspects  in  the  nonlinear  finite 
element  code  SAMML  of  SAMCEF  [ S2 1 .  Geometries  to  be  studied  can  be  complex  and 
several  steel  compositions  may  be  present  In  the  same  body. 


1-  STEEt  COOLlKd  DIAGRAMS 


Steel  or  steel  alloy  bodies  present  during  the  heat  process  different  phases  or 
microstructures . 

We  can  describe  the  cooling  process  with  one  of  the  two  classical  diagrams  [Cl]; 

-  Isothermal  Transformation  diagram  (  IT  diagram) 

-  Continuous  Cooling  Transformatlcn  diagram  (CCT  diagram) 

When  a  IT  diagram  Is  used  In  the  heat  process  modelling,  we  suppose  that  a  sudden 
cooling  (Instantaneous)  leads  the  metal  from  austenitic  temperature  to  a  traiperature 
T  which  is  (cept  constant  for  the  whole  transformation  history.  The  metal  at  T  Is  no 
longer  stable  and  evolves  towards  an  equilibrium  state  (perlite,  balnlte, 
martensite, . . . ) 

In  Industrial  treatments,  heat  processes  cannot  be  considered  as  Isothermal  ones. 
In  fact,  the  temperature  evolves  from  the  austenitic  temperature  to  room  temperature 
In  a  continuous  iwnner.  Using  a  IT  diagram  supposes  then  t)iat  the  complete  cooling 
curve  Is  divided  Into  several  instantaneous  temperature  Incraisents  followed  by  an 
isothermal  process  during  a  time  step.  The  mlcrostructure  of  the  steel  during 
cooling  Is  then  deducted  from  the  IT  diagram.  This  approximation  may  be  severe  In 
case  of  slow  quenching  processes. 

CRH  chooses  Instead  to  study  thermo-mechanical  properties  referring  to  a  CCT 
diagram.  This  Is  thlnXed  to  be  more  reliable  to  give  a  true  Image  of  the  effective 
properties  In  Industrial  processes. 


CRM,  Centre  de  Recherehes  Hdtallurgiques. 
Abbaye  du  Val  Bdnolt,  4000  Lidge,  BELGIUM 
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Thia  determination  la  however  baaed  on  the  following  approxlnatlona : 

DACCT  diagram  la  valid  only  for  the  exact  taaqierature  hlatory  In  the  body. 
Therefore,  we  ahould  almulate  on  teat  machlnea  the  effective  cooling  curvea.In  fact, 
for  practical  and  economical  reaaona,  the  real  CCT  diagram  la  obtained  from  aeveral 
Impoaed  exponential  cooling  lawa  from  auatenltlc  temperature  Tq  to  T  temperature, 

T(t,t)  «  Tj  E1CP[  -t/T  ]  (1.1) 

where  t  la  the  cooling  law  parameter. 

Thla  approach  has  been  checiced  experimentally  (hardneaa  meaauramenta )  and  the  real 
CCT  diagram  la  very  almllar  to  the  "exponential"  one  for  the  quenching  procesaea  we 
are  conaldarlng  here. 

11)  The  temperature  hlatory  for  each  point  of  the  heat  treated  body  la  matched  (fig 
2)  )3y  an  exponential  law  of  type  (1.1),  where  t  )3ecamea  a  location  dependent  cooling 
law  parameter.  Ita  phyalcal  meaning  la  obvloualy  a  decay  conatant.  if  we  define  t. 
aa  the  cooling  time  for  getting  from  T.  to  Tx  (a  given  final  temperature  that 
Insurea  a  atable  mlcroatructure) ,  we  get 

X  =  tf  /  in  (Tj/Tfl  (1.2) 

l.e.  X  la  proportional  to  thla  local  cooling  tine. 

In  our  model  T  and  x  are  hence  the  parametera  that  permit  to  evaluate  In  each  point 
the  thermomecanlcal  propertlea  -  eapeclally  the  coefficient  of  thermal  expansion  - 
used  In  the  stress  and  strain  con^utatlonal  model. 

Thla  latter  coefficient  a.  Is  the  linear  (tangent)  one  which  can  be  very  different 
from  the  secant  one  in  the  phase  transformation  areas  (point  2,  fig  3). 


Fig.  2  -  Effective  and  exponential  temperature  histories 


Fig.  3  Iixnear  and  secant  thernal  expansion  coefficients 


2-  PRESEHTXTIOH  OF  THE  MBCHAHICAL  MiD  HUMERICAL  MODELS 


2. A-  THE  MECHANICAL  MODEL  AND  THE  COUPLINGS  BETWEEN  PREMOHEHA 


In  thermo-mechanical  processes,  cross  interactions  exist  betvfeen  temperature 
history,  stress  history  and  phase  transformations  as  shown  on  the  flow  chart  below 
(flG  4). 


Fig.  4  -  Diagram  of  couplings  in  the  quenching  problem 
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Currently!  our  mechanical  model  takes  into  account  the  following  interactions: 


1}  Temperature  *  Stress,  through  experimental  determination  of  the  thermo-mechanical 
properties  and  the  evaluation  of  a  thermal  strain  for  isotropic  materials  by 


th 


where 


%  = 


*(T2  -  Tl) 


T2-  Tl 


rT2 


dT 


(2.1) 

(2.2) 


2)  Temperature  -  Phase  transformation, through  a  Continuous  Cooling  Transformation 
(CCT)  diagram. 

3)  Phase  transformation  -  stress, through  the  phase  transformation  Induced  volume 
changes  due  to  mlcrostructural  rearrangements.  This  Is  reflected  on  the  variation  of 
the  thermomechanlcal  properties  and  especially  on  the  variation  of  the  linear 
coefficient  of  thermal  expansion  . 

4)  Phase  transformation  -  Tem]perature,  Indirectly  through  the  variation  of 
t]iermophyslcal  properties  with  temperature  during  phase  changes. 

Our  model  does  not  ta)ce  Into  account  the  remaining  couplings: 

5)  Stress  -  Temperature:  the  heat  generated  by  the  plastic  deformation  Is  neglected 
and  does  not  affect  significantly  the  tenq^rature  history. 

6)  Stress  -  Phase  transfomutlon:  we  consider  here  that  the  CCT  diagram  Is  not 
affected  by  the  stress  state. 

The  mechanical  model  Is  therefore  a  guasl-statlc  one  with  Instantaneous  adaptation 
of  the  thermomechanlcal  properties  to  T  and  t,  both  being  determined  previously  by 
separate  numerical  or  experimental  analyses. 


2.B-  THE  INCREMENTAL  CONSTITUTIVE  RELATICMS  FOR  THE  THERMO-ELASTIC-PLASTIC  MODEL 

Assuming  small  strains,  the  total  strain  Increment  is  decomposed  Into  3  components: 

«  de®  +  de^  +  dc***  (2.3) 

from  which  the  mechanical  strain  Increment  Is  computed  by 

de“  »  -  de^*'  =  de®  +  d®P  (2.4) 

In  equation  (2.3)  the  different  components  are: 

(I)  the  elastic  component  dt®'  which  Is  related  to  the  stress  state  through  HOOKE 's 
law 

e*  =  H'^  a  or  de®  =  H*^  do  (2.5) 

when  E  and  v  are  T  and  r  dependent,  we  shall  consider  the  variation  of  the  matrix  of 
elastic  compliances 

de®  »  H*^  do  +  (dH"^)  o  (2.6) 

(II)  the  plastic  component  de^,  which  Is  obtained  frcm  the  von  MISES  yield  criterion 
with  Isotropic  hardening.  The  loading  function  Is  therefore 

F(c,iP,k,T,r)  =  f(o)  -  h^(e*’,T,T)  =  0  (2.7) 

where  ^*®ij*  “  (3/2) 

h  stands  for  the  yield  stress,  depending  on  a  hardening  parameter  Ic=)c(e^), 
temperature  T  and  cooling  rate  t. 

The  variation  of  h  can  be  obtained  through  experimental  stress-strain  relations  such 
as  an  uniaxial  tensile  test  at  different  temperatures  and  cooling  rates. 

The  plastic  strain  Increment  Is  normal  to  the  loading  function  so  that  we  may  write 
the  flow  rule 
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dfiP  =  dAO£/3o)  ,  d^  a  0 

=  d»  a  A  =  it/  w 


(2.8) 


whare  dx  !■  given  by  [N1,L2]  : 

dt“  -  (h^  -  f) 

dx  =  — = -  (2.9) 

g  +  4  o  )i  h' 

In  this  formula,  note  that  h  stands  for  the  yield  stress  state  at  the  end  of  the  time 
step,  while  f  Is  evaluated  at  the  (beginning  of  the  time  step. 

The  non-lsothermal  elastic-plastic  Incremental  relations  dosf(de''')  are  obtained  by 
substituting  (2.5),  (2.8)  and  (2.9)  In  (2.4). 


(Ill)  the  thermal  strain  Increment  de^^,  which  Is  given  by  the  variation  of  the 
thermal  strain  during  the  time  step: 

djth  ^  jth^^  .  gth^^  ,,  ^  a^»(T2  -  Tl)  (2.10) 


The  preceding  constitutive  law  Is  Introduced  by  virtue  of  the  principle  of  virtual 
wor)c  In  Incremental  form  Into  classical  displacement  type  finite  elements  [HI].  The 
associate  static  equilibrium  equations  are  solved  )xy  means  of  a  Hewton-Raphson 
solution  technique. 


3-  CALCULATION  OF  QUENCH  STRESSES  IN  A  STEEL  CYLINDER 


A  long  cylinder  Is  quenched  from  the  austenitic  temperature  (875  *C)  to  room 

temperature  (20  *C). 

Our  purpose  Is  to  study  the  quench  stresses  history  during  the  cooling  process  as  a 
result  of  volume  changes  due  to  phase  transformation  and  temperature  gradients. 

3. A-  (Seometry  and  Finite  Element  model 


A  state  of  generalized  plane  strain  Is  Imposed  for  a  radial  strip  of  material  (l.e. 
the  central  section  of  the  cylinder),  so  that  the  (cinematic  boundary  conditions  are 
(fig  5): 

*  zero  z-dlsplacements  at  the  bottom  nodes 

*  equal  z-dlaplacements  at  the  top  nodes. 

23  axlsymetrlc,  rectangular  elements  with  linear  displacement  field  are  used  In  the 
nradel  (R::114  mm).  The  mesh  Is  refined  near  the  surface  because  of  the  lcx;allzed 
steep  temperature  gradient  at  the  beginning  of  the  quench. 
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Fig.  5  '  Finite  element  discretization  and  boundary  conditions 


3.B'  Incremental  loading 


In  the  present  case,  the  loading  Is  unlguely  due  to  thermal  gradients  (no  mechanical 
loading) .  The  temperature  history  Is  computed  Independently  of  the  stress 
calculation  [M2].  We  divide  the  load  Into  16  Increments  or  time  steps  (fig  6).  The 
corresponding  t  parameter  alone  the  cylinder  radius  Is  presented  In  fig  7.  It  Is 
obtained  through  the  procedure  described  In  section  1, 
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Flg.  9  '  Material  linear  coefficient  of  thermal  expansion  (T  and  t  dependent) 


3.0-  Numerical  results 


The  eleownt  mean  stresses  variations  (o  ,  o-,  a  )  versus  radius  are  presented  In  fig 
10,  11,  12,  13,  14  and  15  for  Increments  4°  5, *7,  9,  10  and  16,  the  latter  defining 
the  residual  stresses. 

another  representation  taking  the  variations  of  the  same  quantities  versus  time  is 
given  In  fig  i6  for  the  near-axis  element  (element  1)  2md  the  near-surface  element 
(element  23). 


3.E-  Discussion  of  the  results 


Since  no  experimental  validation  of  the  present  finite  element  results  currently 
exists,  we  can  only  make  a  number  of  ccnments  regarding  the  plausibility  of  the 
results  (computed  results  will  be  compared  to  measured  residual  stresses  later  on)  : 

1)  Obviously  a  vanishes  at  the  surface  at  any  time  and  Is  equal  to  the  o-  value  at 
the  center  of  the  cylinder.  ” 

2)  The  convergence  of  the  computed  results  when  the  mesh  or  the  loading 
Incrementation  are  refined  has  been  analysed. 

In  that  sake,  we  show  on  fig  17  o-  and  a  versus  time  when  the  temperature  history 
Is  applied  In  31  Increments  Instead  of  16T  The  same  results  are  shown  on  fig  18  In 
case  of  a  refined  spatial  mesh  with  57  elements. 

The  results  are  very  similar  In  the  3  computations,  therefore  we  assumed  that 
numerical  convergence  has  been  reached. 

3)  A  qualitative  examination  of  stresses  shows  that  we  have  compression  stresses  at 
core  and  tensile  stresses  at  surface  In  the  beginning  of  the  quench.  The  reason  Is 
that  the  surface  Is  cooled  quickly  whereas  the  core  Is  still  at  high  temperatures. 
Core  will  then  prevent  surface  from  extending.  This  distribution  will  tend  to 
reverse  during  the  quench.  The  residual  stresses  are  compression  stresses  at  surface 
and  tension  stresses  at  core  (Buhler-Rose  hypothesis). 

4)  We  have  a  d^contlnulty  In  stress  distribution  at  surface  between  the  4^*lvtlme 
step  and  the  5‘'“  one.  We  notice  a  similar  discontinuity  at  core  between  the  9''“  and 
the  10^  time  step. 

Table  1  shows  that  the  reason  for  Chat  Is  that  surface  will  exhibit  a  sharp  varia¬ 
tion  of  a.  between  Increment  4  and  5  (martensitic  transformation)  while  this  Is  the 
case  for  Che  core  between  Increment  9  and  10  (balnltlc  transformation) . 
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4-  FUTURE  WORK 


(3W  Is  now  processing  experimental  validation  of  the  present  model  on  a  oil  quenched 
cylinder .  Temperature  history  Is  measured  and  thermophysical  properties  are 
temperature  and  cooling  rate  dependent.  Stresses  will  be  evaluated  In  the  median 
section  of  the  cylinder  by  Sachs  technique. 

On  the  other  hand  further  numerical  Investigations  will  be  performed  on  the  present 
model.  Different  Interpolation  techniques  will  be  tried  and  results  compared  with 
the  current  linear  Interpolation.  A  kinematic  hardening  law  will  l>e  Introduced  so 
that  cyclic  plasticity  that  can  appear  In  a  monotonic  quenching  process  should  be 
correctly  handled  ( R1 1 . 

The  sensibility  of  the  results  to  the  exponential  experiments  and  to  the  temperature 
history  matching  (^  parameter)  will  be  checked  and  optimized  so  as  to  determine  the 
limit  parameter  for  the  different  classes  of  material  properties. 

Future  developments  will  concern  essentially  creep  effects.  Time  dependent 
deformations  can  affect  the  stress  distribution  especially  in  case  of  very  thick 
bodies  and  alow  quenching. 


i 
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INCREMENT  4 


Fig.  Stresses  distribution  along  the  radius 


a  (lO’MRal 


Fig.  13-14-15-  Stresses  distribution  along  the  radius 
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Pig.  18  -  Surface  and  core  stress  histories  (57  elements,  16  temperature  Increments) 
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Abstract 

Modem  eeroaptLce  mAtertMls  end  desi^  pncticea  require  ultr^-high  predaioB  forgmg,  costing,  mochining 
sad  heoi  treoting  -  often  beyond  the  copobiUties  of  current  design  pnctices  end  production  equipment. 
MAaai«^uring  process  engmeers  need  computerised  ansiyticsi  design  tocds  whidx  precisely  simuiote 
lAe  process  sad  gropbicoUy  identify  process  results  such  ss  Sow,  Jiest  transfer,  shrink,  void  formation, 
irarps^e  and  residua/  stress.  Generic  finite  e/ement  or  finite  difierence  codes  (e.g.  ABACUS,  MARC, 
Q/TRAN)  are  capable  (in  priocrpie)  of  fiandling  process  simulations,  but  the  computer  power  (e.g. 
CRAY)  and  special  software  knowledge  requirements  make  generic  codes  inaccessible  for  practical  sim¬ 
ulations. 

5DAC  has  developed  new  cranputer  codes  apeciUcMlIy  tailored  for  precise  and  fast  simulations  of 
manufacturing  processes.  Critical  aspects  of  unit  processes  involve  nonlinear  transient  /leat  transfer 
coupled  with  alow  creeping  Sow.  Finite  element  methods  are  chosen  since  CAD  and  CAE  systems 
support  FEM  data.  iVumericai  a/gorithms  are  adopted  which  are  spedScally  suited  to  the  problem. 
Key  elements  of  these  aimulathps  will  be  outlined,  such  as  slidelines,  interface  conductance  elements, 
automatic  remesbing,  radiation  view  factors,  conjugate  gradient  solvers,  and  speaai  post  processing. 
These  result  in  highly  efSdent  unit  process  simulations  which  handle  very  large  problems  on  medium- 
sued  computers  and  hence  are  practical  tools  for  todays  manufacturing  engineers. 

SDRC  has  integrated  unit  process  simulations  with  CAD/CAM  design  systems,  MCAE  analysis 
graphics  systems,  automated  inspection,  and  data  base.  An  example  will  illustrate  data  Bow,  simulation 
results,  and  how  engineers  are  using  these  tools  to  design  new  processes  for  large  complex  parts. 

1  Introductioa 

Modem  jet  engines  and  aerospace  structures  are  increasinglj  using  adranced  casting  and  forging  pro¬ 
cesses.  Some  of  these  inTdre  narrow  processing  windows  for  temperature,  temperature  gradient,  so- 
Hdificatictt  rate,  strain  and  strain  rate.  TVaditional  process  design  methods  inrolving  numerous  shop 
floor  trials  (castings  and  forgings)  wiU  erentuaDy  produce  a  defect  free  casting,  or  a  net  shape  forging. 


Figure  1:  An  Integrated  Eorironment  For  Process  Simulation  Codes 


However^  th«  retultaat  cMiia|p  m*/  Itftve  «  wide  mix  dendritic  and  eutectic  structures:  the  forged 
turbine  disk  may  contain  areas  with  rery  little  work,  and  other  tones  forged  at  too  high  a  strain  rate. 

New  computer  simulation  tools  for  heat  transfer  and  material  flow  allow  engineers  to  gain  more 
contr<^  over  the  manufacturing  pro<%ss.  Casting  engineers  can  control  the  solidification  front  gradient 
and  rate  to  produce  a  shrink  free  easting  with  controlled  microstnicture.  Forging  engineers  can  use  these 
tools  to  design  blocker  shapes  and  press  load-stroke  curves  which  will  process  100%  of  a  turbine  disk 
within  a  temperature,  strain  rate  and  total  strain  window.  Simulations  of  furnace  heat  up  and  quenching 
allow  one  to  predict  the  amount  of  martensite  formation,  and  the  residual  stresses. 

Over  the  years,  a  number  of  attempts  have  been  made  to  simulate  manufacturing  processes  with 
generic  software  (such  as  ABAQl/S,  MARC,  COMICS,  SINDA  and  others).  The  success  rate  was 
marginal.  SDRC  and  a  few  others  have  taken  a  different  approach  by  developing  a  number  of  special 
purpose  computer  codes  which  just  simulate  a  single  unit  process.  This  is  possible  partly  because 
SDRC  has  a  vast  library  of  graphics  and  analysis  software,  plus  access  to  public  domain  libraries  and 
selected  US-DOD  software.  As  a  result,  SDRC  has  built  several  unit  process  simulation  codes  which 
have  a  level  of  integration:  a  common  geometry  and  results  data  base.  Figure  1  shows  that  while  each 
process  simulation  is  a  separate  and  independent  batch  program,  all  use  common  input/output  processing 
(SUPERTAB)  with  special  features  added  for  each  manufacturing  process,  e.g.  forging  definition,  or 
quenching  martensite  prediction. 

In  the  following  sections  are  piesented  aspects  of  the  numerical  methods  for  flow  and  heat  transfer 
which  allows  the  unit  processes  to  be  successfully  simulated.  In  section  2,  inverse  heat  transfer  is  used 
to  process  thermocouple  data  so  as  to  precisely  model  interface  effects.  Heat  treating  simulations  are 
discussed  in  Section  3,  and  Section  4  discusses  casting,  both  of  which  xise  similar  technology.  Forging 
involves  a  different  set  of  issues  which  are  covered  in  Section  5.  Injection  molding  and  die  casting  are 
discussed  elliptically  in  Section  6. 

2  Inverse  Heat  Transfer 

Most  manufacturing  process  invcdve  significant  heat  transfer,  and  most  of  the  heat  transfer  problems 
involve  difficult  nonlinear  boundary  conditions.  Examples  are  boiling  heat  transfer  during  quenching, 
and  metal-mold  interface  conductance  during  soUdiflcation  and  gap  formation.  Many  attempts  have 
been  made  to  model  interface  effects,  but  the  resultant  techniques  are  not  quantatively  accurate  enough 
(within  10%)  for  use  in  process  simulation  software.  Hence,  SDRC  elected  to  directly  measure  the 
interface  effects  with  special  tests  and  extensive  thermocouple  data.  Inverse  heat  transfer  analysis  was 
used  to  process  the  data  into  a  form  useful  in  process  simulation  codes.  In  the  following  we  define  the 
inverse  heal  conduction  problem  (IHCP),  and  discuss  the  techniques  developed  in  CONTA  [5]  for  the 
nonlinear  problems  encountered  in  manufacturing. 

2.1  Problem  Description 

A  typical  composite  plate  is  shown  in  Figure  2.  It  is  comprised  of  three  flat  plates,  each  being  a  different 
material.  The  thermal  properties  of  each  material  are  known.  The  boundary  condition  on  the  right  is 
that  of  perfect  insulation,  although  other  boundary  conditions  including  a  thermocouple  may  be  used. 
There  are  four  temperature  sensors  inside  the  plate  which  provide  measured  temperatures  at  a  series 
of  discrete,  nonuniformly  spaced  times.  The  objective  is  to  estimate  the  surface  heat  flux,  q(t),  as  a 
function  of  time.  A  mathematical  description  of  the  problem  for  nonlinear  materials  may  be  defined  as: 


(1) 

.dTA  .  sr..,| 

(2) 

i»-  -  l*+ 

(3) 

(4) 

with  appropriate  initial  and  boundary  conditions,  where  t  refers  to  the  layer  number,  and  Y  refers  to 
the  thermocouple  data.  The  main  objective  is  to  estimate  the  surface  fl>'x  history  for  known  material 
properties.  However,  closely  rdaied  techniques  can  be  developed  to  find  material  properties.  The 
problem  is  solved  by  making  the  calculated  temperatures  agree  with  the  measured  data  via  a  sequential 
least  squares  procedure. 

The  sensitivity  of  the  solution  is  given  by  the  first  derivative  of  temperature  with  respect  to  the 
unknown  surface  flux, 
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X.(Xj,tk)  = 


gT(xj,t|,) 


m  <  i 


Th«  larger  the  value  of  the  better  the  IHCP,  or  the  better  the  experimental  teat.  If  the 
mathematical  model  is  differentiated  with  respect  to  the  flux,  a  similar  set  of  equations  is  obtained,  e.g. 


= 

»I  \  dx  ) 


pC 


m 


(5) 


Hence,  the  technique  which  solves  (1)  -  (4)  should  also  yield  the  sensitivity  data,  essential  information 
for  practical  applications. 


2.2  Literature  Review 

Many  numerical  methods  have  been  proposed  for  the  solution  of  the  IHCP  but  most  of  them  can  only 
be  used  for  the  linear  case.  The  most  widely  used  method  for  the  nonlinear  case  is  due  to  Beck  [5].  This 
method  is  sequential  and  involves  the  use  of  future  temperatures  for  each  calculated  component  of  the 
surface  heat  flux.  The  procedure  permits  much  smaller  time  steps  (without  introdudng  oscillations  in 
computed  heat  flux)  than  maldng  the  calculated  interior  temperatures  equal  the  measured  values.  Small 
time  steps  pemut  extraction  of  much  more  information  regarding  the  time  variation  of  the  surface  heat 
flux  than  with  large  time  steps.  The  most  common  method  of  solving  the  IHCP  for  composiste  bodies 
and/or  bodies  with  temperature-dependent  thermal  properties  has  been  the  finite  difference  method 
which  is  used  in  CONTA.  The  convolution  and  exact  methods  are  restricted  to  the  linear  IHCP. 

The  IHCP  is  an  iU  posed  problem  because  it  does  not  satisfy  general  conditions  of  existence, 
uniqueness  and  stability.  For  every  realistic  surface  heat  flux  history,  temperatures  can  be  calculated  as 
a  function  of  time  at  an  interior  position.  Other  temperatures  arbitrarily  close  values  to  these  calculated 
temperatures  can  be  produced  with  an  infinite  number  of  surface  beat  fluxes  which  contain  a  high 
frequency  sinuaoidal  component  superimposed  on  the  basic  heat  flux. 

In  order  to  obtain  a  solution  it  is  necessary  to  restrict  the  surface  flux  to  having  acceptable  time 
variations.  Some  method  to  filter  out  the  high  frequency  components  and  to  stabilise  the  IHCP  is 
needed.  One  way  is  to  specify  a  frinctiona]  form  for  the  surface  beat  flux.  Another  is  to  add  regulsuiiing 
operators  to  the  least  squares  term  in  the  form: 

S  =  E  -  Ta)’  +  af;,?  (6) 

isl  tsl  Id 

where  Yji  is  a  measured  temperature,  is  the  corresponding  calculated  temperature,  a  is  the  regular¬ 
ising  parameter,  and  ^  is  the  Hh  component  of  the  surface  heat  flux.  Other  regularisers  which  smooth 
the  oscillations  involve  first  or  second  differences,  e.g. 

t»-l  B-J 

“  “E(*n+»  ~  + "li)* 

IHCP  codes  differ  on  whether  the  problem  is  treated  in  a  sequential  or  whole  domain  fashion.  By 
sequential  is  meant  estimating  one  or  some  small  number  of  components  of  heat  flux  at  each  time  step. 
In  whole  domain  estimation,  the  procedure  simtiltaneously  extimates  all  the  heat  flux  components.  This 
is  the  method  the  Russians  favor,  perhaps  because  it  has  no  stability  problems.  The  advantage  of  the 
sequential  procedure  is  that  it  is  much  more  computational  efficient  than  the  whole  domain  approach, 
particularly  for  the  nonlinear  case. 

The  question  of  the  relative  computational  effidency  of  the  sequential  and  whole  d<»nain  estimation 
procedures  is  very  important.  Beck  (5]  has  discussed  a  case  where  100  components  of  heat  flux  are  to 
be  found.  For  the  nonlinear  whole  domain  estimation  procedure,  a  nonlinear  search  is  needed  for  these 


100  components.  For  ench  jterntkm  the  complete  solution  for  the  temperntures  for  100  time  steps  must 
be  performed  more  thnn  100  times.  In  nddition,  for  ench  iter&tion  a  set  of  100  equations  having  a  dense 
square  matrix  must  be  solved;  since  the  number  of  calculations  increases  as  the  cube  of  the  number  of 
equations,  this  represents  much  more  computation  than  100  calculations  of  two  or  three  simultaneous 
equations  as  might  be  solved  in  the  sequential  procedure.  Finally  for  the  nonlinear  case,  many  iterations 
are  required  for  whole  dmnain  estimatfon.  In  contrast,  CONTA  uses  a  sequential  procedure  and  iteration 
is  usually  unneccessary.  The  overall  effect  is  a  computational  saving  o(  at  least  two  orders  of  magnitude 
by  using  the  sequential  procedure  in  CONTA  over  whole  domain  estimation. 

2.3  The  CONTA  IHCP 

The  finite  difference  equations  used  in  CONTA  are  based  on  the  Crank  Nicolson  method.  The  solution 
is  stabilised  with  the  simplest  regularising  operator,  (6),  and  seems  to  perform  well  in  practice.  The 
use  of  future  temperatures  can  be  controlled  by  the  user,  on  important  feature  for  nonlinear  problems. 
Sensitively  coefficients  are  efficiently  calculated  and  routinely  used  in  practice.  SDRC  has  modified 
the  code  to  compute  either  heat  transfer  coefficients  directly  on  surface  flux;  other  modifications  allow 
estimation  of  temperature  dependent  material  properties.  Specific  applications  are  discussed  in  the 
following  sections. 


3  Heat  lYeat  Simulation 

Heat  treatment  is  one  of  the  most  important  and  widely  used  makoufacturing  processes.  The  mechanical 
and  physical  properties  of  a  material  can  be  altered  significantly  by  heat  treatment.  If  performed 
improperly  the  material  can  be  degraded  or  destroyed. 

The  initial  step  in  the  heat  treat  process  is  the  furnace  heatup  phase.  It  is  useful  to  minimise  the 
time  in  the  heatup  oven;  too  long  in  the  furnace  means  added  energy  costs  and  reduced  productivity. 
Modern  components  are  manufactured  to  near  net  shape,  and  it  it  common  to  have  parts  that  have 
thick  and  bulky  sections  connected  by  thin  vrebs.  This  type  of  geometry  leads  to  part  sag  due  to  creep. 
Metallurgfcal  deterioration  may  occur  due  to  excessive  time  in  the  oven. 

The  transit  time  U  the  time  between  the  heat  up  furnace  and  the  quench  tank.  The  hot  part  can 
convect  and  radiate  energy  to  the  surroundings.  The  longer  the  time  of  transit  the  less  uniform  the 
temperature  distribution  becomes  in  the  part.  This  nonunifonnity  of  temperature  distribution  prior  to 
quench  can  lead  to  reduced  mechanical  properties  and  increased  part  warpage. 

Quench  media  vary  significantly  in  their  effectiveness,  yielding  rates  generally  from  30**  C/s.  to 
300**  C/s.  Quenching  can  be  well  described  by  three  phases  of  heat  transfer.  When  the  hot  metal  is  first 
inserted  into  the  quenchant,  the  liquid  adjacent  to  the  hot  metal  vaporises  and  forms  a  gaseous  blanket 
separating  the  part  from  the  liquid.  Coeding  is  slow  in  this  vapor-jacket  stage  because  the  conductance 
through  the  gas  layer  is  low.  Soon  the  bubble  blanket  b^ns  to  collapse  and  the  gas  is  removed,  liquid 
contacts  the  metal,  vaporises  (removing  its  heat  of  vaporization  from  the  metal),  and  then  again  forms 
a  bubble.  This  second  stage  of  quenching  provides  rapid  cooling  as  a  result  of  large  quantities  of  heat 
removal  associated  with  leas  violent  bubble  formation  and  much  more  liquid*metal  contact.  When  the 
surface  of  the  metal  cools  to  a  point  where  it  is  below  the  boiling  point  of  the  quenchant,  virtually  all 
beat  transfer  is  due  to  convection  across  the  liquid-solid  interface.  This  third  stage  of  quench  has  low 
heat  removal  rates. 

The  cooling  rate  of  the  part  during  quench  is  critical.  Martensite  formation  is  totally  dependent 
on  quench  rate.  If  the  part  is  cooled  too  rapidly  by  quenching,  cracks  may  form  in  critical  areas,  or 
induced  residual  stresses  may  be  unacceptable.  The  cooling  rate  is  controUrd  through  the  selection  of 
the  quenching  medium  and  the  surface  condition  of  the  part.  Quenching  media  include  water,  dilute 
sodium  hydroxide  solution,  sodium  chloride  brine,  oil,  oil-water  emulsion,  and  air.  The  following  f  xtors 
control  the  characteristics  of  the  quenchant*. 

1.  Temperature 

2.  Specific  heat 

3.  Thermal  conductivity 

4.  Heat  of  v^MMisation 

5.  Aptation  rate 


! 
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Figure  3:  Quenchant  Test  Specunen  and  PEM  Model 


After  quench,  the  part  will  prohnbly  contain  residual  stresses  due  to  plastic  deformation  occurring 
during  the  time  of  high  temperature  gradients  which  may  not  fully  relax  during  subsequent  tempering. 
These  residual  stresses  may  be  critically  important  when  it  comes  time  to  machine  the  part  to  its  final 
sh^>e.  As  the  part  is  machined,  the  removal  of  material  may  cause  unacceptable  deformations  to  be 
induced  in  the  part.  In  addition,  the  reridnal  stresses  may  effect  fatigue  or  fracture  prop^ties. 

S.l  Quench  Boundary  Conditions 

Qualitatively,  the  cocking  mechanism  during  quench  is  convection  and  some  general  expressions  are 
available  to  estimate  magnitudes  in  the  different  regimes  of  convection  heat  transfer  (pure  convection, 
nucleate  boiling,  transition  boiling,  and  film  boiling).  However,  for  a  specific  quench  media  one  cannot 
determine  a-priori  what  its  cooling  curve  will  be.  Hence  we  have  come  to  rely  on  experimental  test  data 
from  which  surface  boundary  conditions  can  be  derived  by  solving  the  IHCP.  The  standard  cylindrical 
specimens  and  tests  used  by  heat  treaters  are  useful  but  not  totally  adequate.  Hence,  new  test  procedures 
were  developed. 

An  experiment  was  designed  to  determine  the  temperature  dependent  heat  transfer  coefficients 
during  quench  as  a  function  of  part  surface  temperature.  A  pancake  specimen,  12  inches  in  diameter 
and  2  inches  thick,  was  instrumented  with  eight  thermocouples  as  shown  in  Figure  3.  The  pancake  was 
subjected  to  a  typical  beat  treat  cycle,  and  during  quench  temperature  versus  time  data  was  recorded. 
Figure  4  shows  typical  surface  fiuz  results  back  calculated  by  CONTA  for  a  flat  surface  facing  downward. 
This  experiment  was  repeated  several  times  with  the  pancake  oriented  in  various  positions  in  order  to 
quantify  the  effects  and  repeatabifity.  Once  the  ffux  history  was  known,  a  finite  element  model  of  the 
pancake  was  constructed  and  flux  history  applied.  This  test  was  performed  in  order  to  verify  the  results 
(flux  history)  from  CONTA.  F^pire  3  shows  the  model  and  the  thermocouple  locations.  If  CONTA 
properly  calculated  the  flux  history  then  good  agreement  it  expected  between  analysis  and  test.  Figure 


F^ptre  4:  CONTA  Flux  Results,  and  Test- Analysis  Comparison 


4  is  a  typical  thermocouple  comparison.  The  error  is  typicaOy  less  than  25”  C,  vertically,  or  less  than  10 
sec<mds  borisontally. 


it 

r. 


5.3  Thermal/Mechanical  Analysis 

The  energy  equation  forming  the  basis  of  the  temperature  history  calculation  with  coupled  mechanical 
terms  is: 


a  (^dT\  „  ar  BqT  a«„, 

a*i  V  a*J  ~  ^'dt  ~  1-21/  at 


(») 


The  first  term  on  the  right  hand  side  is  the  energy  change  (i.e.  temperature  drop)  due  to  adiabatic 
expansion;  although  this  U  significant  in  gases,  it  is  negli^ble  for  solids.  The  second  term  is  the  energy 
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due  to  plastic  flow;  this  is  small  in  beat  treating  process  (however,  it  is  significant  in  forging).  Hence 
the  energy  equation  can  be  s<rive<i  uncoupled  from  the  equations  of  motion. 

In  material  (updated,  Lagrangian)  coordinates  the  equations  of  momentum  balance  arei 


(9) 


Inertia  forces,  the  right  hand  side  term,  are  ne^igible  in  heat  treating.  For  a  thermo-elastic-plastic-creep 
model  of  material  behavior,  the  constitutive  law  is: 

<r  =  C{T){c  - 


‘>>  =  '*>  +  ‘o  +  <f)  -t-  +  '.7 


That  is  the  total  strain  is  the  sum  of  elastic  (e)  thermal  (t),  plastic  (p)  and  creep  (c)  and  martensite  for¬ 
mation  (m)  strains.  The  stress-strain  relationa  are  stron^y  dependent  on  temperature,  so  the  equations 
of  motion  are  atron|d7  coupled  to  the  energy  equation,  but  not  visa^versa. 

Several  finite  riement  programs  have  the  capability  of  solving  nonlinear  coupled  thermo-mechanical 
problems,  including  the  commercial  systems  ABAQUS  and  MARC.  However,  speed  is  very  important, 
hence  it  is  essential  to  take  advantage  of  the  weaJt  coupling.  After  study  of  ADINA  and  public  domain 
software  we  elected  to  build  a  weakly  coupled  system  using  TOPAZ  (heat  conduction),  NIKE  (nonlinear 
stress)  and  FACET  (diffuse  radiation).  All  are  available  at  low  cost  from  the  National  Energy  Software 
Center  (Argonne  Labs)  and  are  continuously  developed  and  improved  by  Lawrence  Livermore  National 
Labs  under  DOD  and  DOE  sponsorship. 


NIKE 

TOPAZ 

FACET 

a  implidt 
a  Trsndtnt 

a  NonItrMsr 

a  BsncNvidth  Minimum 
a  Vsctorizsd 

a  Tempsrsturv-Ospsndsnt  Mitsrids 
a  Thtrmai  Strsini 
a  Elwto-Pisstic 

a  Implicit 
a  Traratism 
a  Nonlinwr 
a  Bandwidth  Minimum 

a  Vsctorizad 

a  Tsmpvratura-Oapandsnt  Maiarisli 
a  Endofura  Radiation 

a  Viaw  Facton 
a  Shadowing 
a  TOPAZ  Imarisca 
a  Vactorizad 
a  Ranarts 

I  Table  1:  Basic  Features  Used  in  Heat  Treat  Simulation 

Table  1  lists  the  key  features  of  NIKE  and  TOPAZ.  Comparison  shows  their  common  origins,  e.g. 
vectorisation  and  bandwidth  minimization  (Gibbs-Poole-Stockmeyer).  NIKE  has  an  excellent  material 
library;  the  only  addition  needed  was  an  improved  creep  capability  (primary  and  secondary).  Figure 
5  illustrates  elliptically  bow  the  codes  were  coupled  to  simulate  heat  treat  processes.  Details  of  NIKE 
and  TOPAZ  are  available  in  publications  and  manuals  and  will  not  be  repeated  here.  The  metallurgical 
predictions  are  based  on  a  simplified  set  of  the  general  diffusion  equations.  The  only  precipitant  not 
governed  by  a  diffusiou  equation  is  martensite.  A  single  diffusion  equation  is  fitted  to  the  isothermal 
transformation  diagram  of  the  particular  steel.  This  effectively  lumps  together  .pcarlilr  (Vp)  with  all 
other  products,  hence  the  volume  fraction  which  converts  to  martensite  is  (1.0-Vp).  Martensite  is 
diffuskmless  (time  is  not  a  factor  in  the  FCC  to  BCT  transition),  so  a  two  term  prony  series  is  fitted  to 
the  martensite  start  and  finish  temperatures, 

Vrn  =  0,  T  >  M, 


( 


k 
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Figure  5:  Software  lategration  and  Development 


Center  Line 


Km 


a  (l  -  e'*')  ,  a  =  1  -  V„  t 
K.  =  a,  T  <  M, 


M,-T 

M.-U, 


Significant  volumetric  expansion  is  associated  with  martensite  formation,  so  the  thermal  strain  terms  in 
NIKE  were  modified  to  become: 


«'  =  +  (a„V'„  +  o,K,)(r-r.), 

=  volumetric  expansion  from  FCC  to  BCT 

Although  metallur^sts  are  generally  not  interested  in  martensite  volume  fractions  less  than  80%,  the 
heat  treat  software  attempts  to  track  martensite  formation  from  100%  down  to  sero  in  order  to  accurately 
predict  stresses  during  quenching. 

The  disk  shown  in  Figure  6  illustrates  a  typical  application  of  heat  treat  simulation.  The  material 
is  an  aerospace  alloy  which  doesn't  form  martensite.  For  furnace  heat  up,  a  simple  radiation  to  infinity 
boundary  condition  was  imposed.  The  mechanical  loading  in  the  furnace  was  gravity.  The  properties, 
both  thermal  and  mechanical,  were  modeled  as  temperature  dependent.  An  dastic-creep  material  model 
was  used.  Emissivity  was  set  at  a  constant  0.85.  The  initial  part  temperature  was  530*  R  (70*F)  and 
the  furnace  temperature  was  2160*R  (1?0G*F).  It  took  2,000  seconds  (33  minutes)  for  the  part  to  heat 
up  to  within  10  d^rees  of  the  furnace  temperature  of  2160*  R.  Figure  7  shows  a  plot  of  the  maximum 
Von-Mises  stress  versus  time.  The  point  where  the  maximum  stress  occurs  changes  as  the  part  heats  up. 
InitiaQy,  the  web  region  heats  fister  than  the  rim  and  hub.  The  web  tries  to  expand  against  the  hub 
and  rim  as  shown  in  Figure  8.  Because  of  this  restrained  expansion  and  the  fact  that  the  yield  stress  is 
relatively  low  due  to  the  temperature,  the  rim  actually  yields. 
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Figure  7:  Marimum  Von-Misea  Stress  Versus  Time,  Furnace  Heat  Up 


Figure  8:  Hoop  Stress  Versus  Time,  Furnace  Heat  Up 


Hae 


Figure  9:  Maximum  Von-Mises  Stress  Versus  Time,  Quench 


The  quench  simulation  was  performed  using  the  flux  history  obtained  by  CONTA  from  an  instru¬ 
mented  pancake  test  plus  initial  temperatures  obtained  from  the  end  of  the  furnace  heatup.  An  elastic 
plastic  material  model  was  utilised  because  of  the  expected  high  stresses  and  period  of  time  as  compared 
with  furnace  heatup,  the  creep  model  is  no  longer  necessary.  The  maximum  Von-Mises  stress  in  the 
part  is  plotted  as  a  function  of  time  in  Figure  9.  The  stress  peaks  esirly  in  the  cycle  at  57  seconds. 
Two  separate  phenomena  happen  during  the  quench  cycle.  Initially,  the  outer  skin  shrinks  -acidly  and 
compresses  the  material  interior  to  the  part.  The  yield  stress  of  the  mater.al  is  very  low  as  this  pmnt 
due  to  the  high  temperature  of  the  interior.  In  this  case,  the  temperature  interior  to  the  part  is  2lll^R 
at  57  seconds.  The  corresponding  yield  stress  is  10,000  psi  so  yielding  occurs. 


▼on-Mbw  SiNH  (psi) 
1  -347S+M 
3'4.74B4«S 

4-8JIB40S 
i  •  t.lOE+04 


Figure  10:  Reridnal  Stress  At  End  of  Cycle 
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At  the  interior  continue*  to  cool,  it  it  rMtruned  firom  further  contraction  by  the  outer  thin.  When 
thit  trantition  occur*,  the  outer  thin  goet  into  comprettion  and  the  interior  goet  into  tension.  However, 
at  this  point  in  the  cycle,  the  yield  stress  is  above  the  Von-Mitet  stress  and  no  further  yielding  occurs. 
Any  yielding  that  occurs  will  result  in  reridual  stress.  Figure  10  shows  the  Von-Mises  stress  state  at  the 
end  of  the  cycle  (2,000  seconds),  and  shows  a  maximum  residual  stress  of  15,100  psi. 

4  Solidification  Simulation  for  Castings 

The  aerospace  industry  is  banning  to  use  large  integral  castings  in  both  structure  and  jet  engines. 
Several  processes  are  being  used,  including  lost  foam,  sand  casting  and  high  predtion  investment  casting. 
Net  shape  componenets  up  to  200  lbs.  have  been  produced  with  very  thin  sections.  This  is  achieved  by 
numerous  casting  trials  to  develop  gate  and  riser  locations  and  sises  which  produce  a  shrink  &ee  part. 
However,  lead  times  can  be  two  years  or  more  to  qualify  the  production  process.  Once  qualified,  the 
process  is  effectively  froten  as  rarely  is  the  money  available  to  requalify  a  process. 

Historically,  numerous  attempts  have  been  made  to  develop  flow  and  heat  transfer  software  (finite 
difference,  finite  element)  which  will  simulate  how  castings  solidify.  A  series  of  recent  papers  [13]  and 
[19]  discusses  specific  techniques  for  investment  casting.  Here  we  explore  some  numerical  techniques 
applicable  to  all  casting  processes,  from  grey  iron  sand  processes  up  to  high  precision  aerospace  processes. 

A  typical  finite  dement  simulation  of  metal  solidification  requires  a  nonlinear  (radiation,  materials 
properties),  transient  analysis  (200-400  time  steps)  of  a  large  model.  Large  parts  may  consist  of  4,000 
metal  elements  (solidt)  plus  up  to  five  times  as  many  for  the  mold.  The  objective  it  to  tee  if  the  metal  will 
solidify  towards  the  gating,  or  if  liquid  metal  a  trapped  by  the  freese  front.  Manufsbcturing  Engineers 
employ  several  runs  to  adjust  the  gniing  (and  other  parameters)  to  that  the  first  prototype  cast  is 
largely  free  of  porosity.  No  general  purpose  finite  element  code  and  VAX-like  computer  can  handle  such 
problems.  Hence,  SDRC  developed  a  special  purpose  finite  element  code  which  had  to  be  more  accurate 
and  several  times  faster  than  any  known  commerdaJ  finite  element  heat  transfer  code. 

We  use  TOPAZ  [4]  as  the  core  capability  in  heat  transfer.  TOPAZ  was  developed  by  Dr.  Arthur 
B.  Shapiro  at  LLNL  and  is  available  through  the  National  Energy  Software  Center  at  Argonne  National 
Laboratory.  This  code  was  selected  largely  for  two  reasons: 

1.  Handles  nonlinearity  very  well 

2.  Very  fast  vectorised  FORTRAN  77  code. 

Vectorisation  was  done  for  a  CRAY,  but  this  also  greatly  improves  VAX  performance.  Other  TOPAZ 
capabilities  important  to  us  are: 

1.  Nonlinear  material  properties 

2.  Time  or  temperature  dependent  boundary  conditions: 

3.  Enclosure  (view  factor)  radiation 

The  following  sections  describe  the  additions  and  modifications  to  TOPAZ  as  well  as  their  motivation. 
The  resulting  software  has  been  applied  to  a  number  of  very  large  problems;  the  accuracy  and  speed  are 
brieffy  demonstrated. 
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4.1  Material  Properties 


Casting  consists  of  a  sand  mold  or  ceramic  shell  which  contains  solidfying  metal.  The  diffusivity  ratios 
exceed  eight  (o„/ac  >  8),  and  the  mold  is  thermally  benign  (k  and  vary  slowly — or  are  constant) 
except  for  wet  sand.  Liquid  metal  properties  are  not  precisely  known,  but  we  hare  found,  for  a  few 
alloys  that  k  and  p  are  linear  and  Cp  is  constant  up  to  about  300**  Kelvin  of  superheat.  Solid  metal 
properties  are  known  quite  precisely;  k  and  p  are  nearly  linear  (a  small  quadratic  term),  and  Cp  is  linear 
from  solidihcation  down  to  500"  Kelvin. 

Solidification  of  complex  alloys  takes  place  over  a  fairly  wide  temperature  range.  Heat  is  not 
released  linearly  through  solidification.  Using  the  atomic  weights  with  the  fusion  heats  of  the  alloy 
constituents,  one  can  construct  estimates  which  indicate  that  the  actual  heat  release  rate  must  be  quite 
nonlinear.  Some  data  for  a  high  strength  alloy  is  illustrated  in  Figure  11.  The  capacitance  data  shows 
that  one  of  the  limiting  factors  in  a  simulation  is  that  the  maximum  temperature  change  within  a  time 
step  is  limited  by  the  complexity  of  the  material  data,  typically  AT*  <  10"C.  Since  material  is  soldifying 
throughout  the  time  interval  simulated,  this  resthctioD  always  applies.  For  typical  steel  alloys  10"  moves 
the  freeze  front  too  far,  so  time  steps  are  adjusted  small  enough  to  obtain  at  least  ten  points  between 
T-Iiquid  and  T-solid. 

When  experimental  phase  trsmsition  data  is  not  available  (which  is  usually  the  case),  we  recommend 
the  rule  of  mixtures  and  a  universal  curve  relating  dimensionless  liquid  fraction  to  a  dimensionless 
temperature, 


Sl 


-4  DOST*  -  r(0 

’  Ti-Ts‘ 


Although  this  approach  is  really  only  a  best  guess,  it  has  been  shown  to  give  results  within  ±4%  for  a 
complex  high  strength  alloy,  and  it  does  account  for  variations  from  one  foundary  to  another,  depending 
on  specific  chemistry  and  processing  conditions. 
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H  -  Js 
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=  ps  fs  +  Pl  fi  ki  =  k{Tc),ctc. 
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Cp  —  Cs  fs  •¥  Cl  fi  +  L 
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Table  2:  Estimation  of  Transition  Material  Properties 


Table  2  summarises  the  best  estimates  we  know  of  for  transition  data.  This  approach  is  closely 
related  to  atom  fraction  weighting  of  specific  heats  of  the  constituents.  However,  the  possibility  exists 
that  the  liquid  fraction  may  vary  significantly  due  to  composition  changes,  a$  occurs  in  certain  iron 
alloys. 


4.2  Finite  Element  Formulation  For  Solidification 

The  differential  equation  of  heat  conduction  is: 

>>C,^  =  V^(kVT)i-Q,  (10) 

with  initial  conditions: 
and  with  boundary  conditions 

n'^CJfcVr)  =  ?  on  r,.  7’  =  r(«)onr„  (11) 

where  q  —  q/  ~  hAT  handles  flux,  convection  or  radiation  boundary  conditions. 

Considerable  res  ;arch  has  recently  been  devoted  to  solidification  simulation  with  finite  elements, 
and  attention  continues  to  be  focused  on  the  enthalpy  formulation  (e.g.  Crank,  in  [1],  pp  177-200)  as  a 
way  to  avoid  the  moving  boundary  tracking  required  by  the  Stefan  problem; 

9H  dH 

=  vT(ivr)  +  (?.  H  =  jr  pCMd,.  (12) 

Although  (12)  looks  identical  to  (10),  calculation  using  dSfdt  is  quite  diherent.  In  both  cases  the 
objective  is  to  integrate  the  total  heat  correctly, 


(13) 


When  the  solidification  range  Ti  —  T,  ia  large  and  several  time  steps  (e.g.  40)  are  used  to  integrate, 
then  either  method  accurately  calculates  total  heat.  Indeed  this  is  the  case  with  most  complex  alloys, 
so  equation  (10)  is  adopted  herein  as  the  code  is  faster  and  uses  less  storage. 
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In  finite  element  form  (10)  and  (11)  become: 

|C1  {f}  +  [A-]  {T}  =  {/■}, 

where: 

Kij  =  fjJ{VNifW(VN,)iV  +  jjNfhNiiA, 

fi  =  jfjnj  QiV  -  fjNj  q,iA, 

When  radiation  is  the  dominant  mode  of  heat  loss,  it  is  important  to  capture  its  effects  acctirately 
and  at  the  same  time  efficiently.  Radiation  heat  fiux  at  surface  t  is  emitted  radiation  minus  the  absorbed 
portion  of  the  incident  radiation, 

9^  =  c.  ff  7?  -  Oi  H,.  (15) 

All  areas  exterior  to  the  mold  are  cold,  so  Hi  is  ignored  on  mold  exterior  surfaces.  Many  circular  molds 
have  large  hollow  interiors,  and  in  these  cases  we  calculate  the  incident  radiation  as  follows.  The  rate  of 
heat  fiux  leaving  a  surface  is  the  radiosity,  which  is  the  emitted  plus  the  reflected  energy, 

Bi  =  +  PiH,.  (16) 

The  incident  energy  is  now  calculated  by  summing  the  contribution  from  all  surfaces 


HiAi  = 

where  the  geometric  view  factor,  «  the  fraction  of  energy  leaving  surface  i  that  arrives  at  surfaces 
Reciprocity  reduces  this  to: 

Hi  =  f;  fi>B>  (17) 

Combining  (16)  and  (17)  yields  a  linear  system  for  the  radiosity, 

[f/j  -  W-lfllW  =  (18) 

where  [p\  is  a  diagonal  matrix  of  reflectivities,  and  the  grey  body  condition  (p  =  I  -  e)  is  used.  After 
(18)  is  solved,  H  is  obtained  from  (16),  and  (15)  computes  the  surface  flux.  Note  that  we  could  use  (16) 
and  (17)  to  solve  for  incident  energy  H  directly  (9).  However  the  view  factor  matrix  F  would  occur  in 
both  the  matrix  and  the  right-hand-side  resulting  in  much  more  computational  effort  for  large  problems. 
Hence,  the  recommended  procedure  is  shown  in  Table  3. 


I- 

I 

i 

I 


1.  Compute 

2.  Solve  (!0),  {5} 

3.  Compute  H  via  (8),  = 

4.  Compute  q  via  (7),  qj  = 


where  G  =  /  —  fpJ[F’] 

*  C-*  •  {ee-r} 

(B.  -  c,  o  t;*) 

(1  -  e.) 

-  a,H< 


Table  3:  Algorithm  for  Enclosure  Radiation  Calculation 


Mold  cmissivity  is  not  usually  wave  length  dependent,  hence  G-inverse  is  only  computed  once. 

Radiation  is  about  10  times  more  nonlinear  than  convection:  a  change  of  lO”  at  1000*’  causes  a  4% 
change  in  radiation  flux.  When  solving  the  finite  element  equations  (14),  radiation  is  best  handled  if  we 
capture  as  much  of  the  nonlinear  variation  as  possible  via  a  Taylor  series  expansion  about  the  current 
temperature, 

(ti  +  Ai;)^  =  iff  ^T,  - 
Hence,  the  final  form  for  radiation  fiux  is: 


hr 

<h 


hr  A7<  4-  (Jr 

4,.(,  _ 


B, 

1  - 


(19) 
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where  Kirchoffi  law  (a  =  «)  has  been  used.  The  first  teroif  hrt  contributes  to  the  conductirity  matrix 
while  contributes  to  the  load  vector  F  in  (14).  We  leave  k,  constant  over  a  time  step,  but  adjust 
^  within  the  nonlinear  iterations. 

4.3  Element  Eormulation 

The  element  set  is  restricted  to  a  linear  brick  and  its  simplifications  (wedge,  pyramid,  tetrahedra).  We 
have  concluded  that  the  main  advantage  of  higher  order  elements  (e.g.  parabolic  elements  with  midside 
nodes)  is  more  accurate  calculation  of  heat  flux  (4  =  kVT).  In  any  case  we  do  not  use  flux  in  any 
quantative  way  in  solidification,  but  it  does  provide  graphical  description  of  heat  flow  paths. 

A  diagonal  or  lumped  c^adtance  matrix  in  (14)  is  highly  recommended  and  we  use  it  exclusively 
in  all  solidification  problems,  even  though  implicit  methods  do  not  require  it.  Mullen  [10]  and  Liu  (llj 
have  shown  that  a  consisteat  capacitance  matrix  is  only  slightly  more  accurate  than  lumped  c^acitance 
over  a  wide  range  of  diffusivities.  This  result  can  be  deduced  &om  a  pbenomenol<^cal  view.  Thermal 
wave  propagation  is  very  slow  (3  inches/min  for  steel,  less  for  molds)  hence  transient  fluxes  can  excite 
only  very  low  heat  transfer  modes.  High  frequency  modes  are  heavily  damped  and  require  a  high  amount 
of  energy  to  excite  (See  Hogge  (1),  pp  74-88). 

Since  the  temperature  difference  across  an  element  is  usually  small, 

t;  =  t:,,  ±  1% 


Figure  12:  Collapsed  Brick  as  an  Interface  Element 


then  the  product  \C]  {T}  for  each  element  is  well  approximated  by  the  row  sum  of  C  times  T,  ,  which  is 
how  we  diagondise  the  capacitance  matrix. 

Although  reduced  integration  is  very  attractive  for  its  speed  [llj,  significant  errors  can  be  made  in 
the  conductance  if  a  1  pt.  rule  is  used.  A  2x2x2  Gauss  quadrature  is  used  for  both  conductance  and 
capacitance;  this  eliminates  hour  glass  singularities  in  ff  and  captures  the  rapid  variations  in  specific 
heat. 


4.4  Interface  Conductance  Element 


Heat  transfer  across  an  interface  between  two  dissimilar  materials  presents  a  modeling  problem.  When 
two  thermocouples  are  placed  on  both  sides  of  the  interface,  they  will  read  different  temperatures — 
regardless  of  how  close  (hey  are.  This  is  weU  known  for  a  bolted  joint,  and  it  also  applies  to  liquid  metal 
s<flidifying  in  a  ceramic  m<^d.  If  there  is  a  temperature  drop  across  the  interface,  then  the  interface 
has  a  finite  conductance.  In  section  (2)  we  discussed  how  interface  conductance  can  be  determined  from 
experimental  measurements,  here  we  derive  a  finite  element  to  represent  interface  conductance. 

Interface  conductance  will  be  represented  by  a  bnck  element  of  sero  thickness.  The  element  can 
be  derived  by  collapsing  the  element  in  the  s-direction.  Specifically,  let  the  conductivity  =  ky  =  0  , 
and  in  the  limit  as  (  — »  0,  let  k,/t  =  h.  Henceforth,  k  is  the  interface  conductance  in  the  integral: 


H  =  IJhiT) 


ow./ac 

dNt/ec 


dN, 

d(. 


^  *«(/)  M  dll 


JV.  =  ^(1-0(1 ->; )(!-<).  etc. 

As  the  element  collapses,  the  s-derivative  <A  the  3D  shape  functions  N\  to  become  (he  2D  shape 
functions  t\  to  L4.  Hence,  the  integral  reduces  to: 
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H  =  i  =  (LuL„l„l,), 

£i  =  j(i- 0(1 (20) 
M  ^  jjk(T)L-.Li.dy 

The  conductance  h  it  ofien  a  8tt<ng  function  of  temperatore,  to  ^  u  evaluated  at  each  gautt  p<Mnt 
uting  temperaturet  interpolated  from  the  node  poinit.  The  interface  element  hat  no  c^>adtance.  In 
practical  ute,  the  element  it  located  between  metal  and  mold  dementt;  e.g.  nodet  l‘2-3-4  connect  to 
metal  brickt,  nodet  5-6-7-d  connect  to  mold  brickt. 

4.5  Numerical  Integration 

Time  ttepping  tchemet  for  (14)  have  been  ttudied  extentively  [7;  Hogge,  ref  1{.  The  primary  advantage  of 
the  newer  multi-ttep  tchemet  (tee  (1)»  pp  7S-90)  it  that  they  allow  much  longer  time  ttept  by  repreteoting 
time  variation  more  accuratdy.  In  tedidification,  thete  meihodt  are  not  at  uteful  at  the  time  ttep  it 
limited  by  material  propertiet  or  (retention  of  the  Modification  front),  not  by  ttability.  Hence,  we  adopt 
the  generaUaed  midpoint  tcheme,  a  one  ttep  (two  level)  method  which  it  a  generalieation  of  trapesoidal 
tchemet.  When  thtt  it  applied  to  (14),  one  obtains  after  tome  algebra,  the  nonlinear  equations: 

(C«+t  "  +  At{n+t} 

Subscript  n  -f  d  represents  evaluation  of  the  quantity  anywhere  within  the  time  step  interval. ‘  The 
right-hand-side  can  be  simplified  if  one  elects  to  solve  for  the  temperature  increment, 

- r,}  =  {f„+,  -  ■  r,}  (21) 

and  this  is  the  form  we  have  found  most  utefril  in  solidification.  After  solving  (21)  for  the  temperature 
increment,  the  temperature  is  updated  with 

-  j;}  (22) 

We  use  the  Crank  Nicedton  value  {$  -  1/2),  which  is  known  to  generate  spurious  otcillationt  for 
large  time  steps  where  it  is  only  margmally  stable.  However,  we  have  never  observed  tbit  in  practical 
problems  at  the  time  ttep  mutt  be  kept  relatively  short  at  ditcutted  in  section  4.1. 

4.6  Nonlinear  Solution 

Within  each  time  step  we  must  solve  a  nonlinear  system  of  equations  at  explicitly  defined  in  the  previout 
sections.  The  clastic  method  for  solving  nonlinear  eqnt.  (21)  it  the  Newton  Raphtoo  method,  which 
requires  construction  of  a  Jacobian.  The  only  way  to  construct  such  derivatives  of  (21)  it  numerically; 
e.g.  for  n  nodes  we  need  n  sedutiont  to  construct  the  full  nan  Jacobian.  Thus,  although  the  Newton- 
Raphton  tcheme  gives  quadratic  convergence,  its  cost  greatly  exceeds  its  benefit  over  linear  convergence 
schemes. 

In  our  experience  direct  iteration  performs  well  and  costs  much  less.  However,  a  two  step  predictor 
•  corrector  approach  is  used  as  follows.  The  first  iteratioD  includes  assembly  and  decomposition  of  the 
coefficient  matrix: 

9  =  1/2 

and  n  +  means  that  the  material  properties  are  evaluated  at  temperature  T„^0  extrapolated  from  the 
previous  time  step  with: 

=  t;  +  9{Tn-Ty,.,}  (23) 

The  second  step  and  sul^equent  iterations  only  involve  formulation  of  the  right  hand  side  of  (21)  with 
an  improved  estimate  of  the  Crank-Nicolson  temperature. 

An  option  is  also  provided  to  allow  the  user  to  reassemUe  the  coefficient  matrix  at  each  iteration,  but  this 
IS  more  expensive  and  rarely  used.  We  have  found  direct  iteration  to  converge  in  three  to  five  iterations 
on  typical  investment  casting  soHdification  problems,  since  we  control  MAX  {Tn+i  -  Tn)  <  10*.  Even 
the  high  transients  diiring  pouring  converge  in  10-15  iterations.  If  (21)  does  not  converge,  one  can 
always  make  it  converge  by  reducing  the  time  step^which  reduces  the  nonlinearity  by  decreasing  the 
temperature  change  over  the  time  step. 

^Psrtkelar  ntsgFsties  sekemes  sr«  wdl  kaews:  9  s  Ou  tke  foctrsxd  Bskt  expficH  method; 9  =  l/2it  tkcCtuh-Nickotioa 
tcheme  whkh  hss  the  less!  error  (second  order  acesrste  ia  thae  step  nse);  $  s  3/9  is  the  Gslerl^  scheme  which  has  the 
beat  short  tiaM  (iaittal  traasieat)  behavior,  #  s  l  it  the  ba^ward  Baler  awtbod.  Whea  #  >  0,  the  achemea  are  emuidered 
imphett. 
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4.7  Solution  Methods 


At  e«ch  time  atep  the  finite  element  ft^etem  o(  equntioni  (21)  are  8<A'?ed  repeatedly  to  determine  the 
temperature  increment  over  the  next  time  at^.  This  solutioa  process  is  inherent  in  nonlinear  transient 
heat  transfer  analysia  and  a  variety  of  methods  are  commonly  used.  For  small  mod^t  direct  solution 
methods  involving  Chofesky  ^ctorisation  and  forward/backward  substitution  are  effective.  However, 
most  practical  problems  require  hundreds  or  thousands  of  elements,  and  classical  iterative  solution 
methods  for  linear  systems  of  equations  are  more  competitive  for  large  systems.  For  example,  Wilson 
[3,  pp.  18-2fi]  ad<^ted  a  Lancaos  strategy  while  the  Conjugate  Gradient  algorithm  was  studied  in 
Hughes  [7}  and  Chin  and  F^aak  (3,  pp.  341-352).  Both  methods  are  especially  effective  for  transient 
thermal  problems  because  they  are  related,  m  was  shown  in  [14]  and,  more  impcnrtantly,  because  such 
problems  can  be  well*conditi<Hied  by  congruence  transformations.  For  the  discussion  in  this  paper  we 
limit  attention  to  the  Conjugate  Gradient  method,  although  for  certain  applications  the  Lancsos  method 
may  be  equally  viable. 

Our  experience  indicates  that  the  computational  cost  associated  with  direct  solution  methods  using 
Cholesky  factorisation  grows  r^dly  with  problem  site,  especially  in  three  dimensional  models,  even  to 
the  point  of  being  prohibitive.  On  the  other  hand,  iterative  methods,  if  quickly  convergent,  appear 
considerably  more  attractive,  particularly  in  view  of  recent  computational  hardware  advances  such  as 
vector  processors,  extended  memory  machines  and  multiprocessing  environments.  The  convergence  of 
Conjugate  Gradient  methods  U  predicated  upon  the  minimisation  [15]  of  an  error  functional  of  the 
following  form: 

(24) 


where  A  is  a  symmetric,  positive  definite  Hessian  matrix. 

The  error  eliminated  at  each  st^  ha  the  iteration  is  proportional  to; 


y/k  -  1 
\/«  +  1 


(25) 


where  k(A)  is  the  spectral  condition  number  of  A.  The  apparent  conditioning  of  the  Hessian  matrix  in 
(24)  can  be  improved  by  an  appropriate  congruence  transformation  so  that  for  y  ^  B  z  the  conditioned 
error  functional  is 


1/2  B^ABy  ~  y’’  B^i 


(26) 


for  B  nonsingular.  The  conve^ence  of  the  Pre*conditioned  Conjugate  Gradients  (PCG)  is  thus  governed 
by  k{B‘^AB)  and  clearly,  from  Equation  (25) ,  the  ultimate  objective  of  pre-conditioning  is  to  make  the 
conditioning  number  iqaproach  unity,  which  occurs  if  B  is  an  easily  obtainable  approximation  of  the 
inverse  Cholesky  factor  of  A.  Methods  of  conditioning  by  approximate  factorisations  were  discussed  in 
fl6]  and,  more  recently,  in  (17,10]. 

Several  qualitative  characteristics  of  PCG  are  noteworthy  and  have  been  borne  out  in  our  numerical 
experimentation.  As  suggested  in  (25),  the  convergence  of  PCG  is  not  dependent  on  the  number  of 
elements  in  the  model.  Fhrtfaer,  convergence  to  a  given  accuracy  is  achieved  in  the  same  number  of 
iterations  for  a  given  condition  number  of  the  PCG  problem  because  this  condition  number,  in  turn,  is 
largely  independent  of  problem  siie.  Hence,  incremental  computer  resource  for  an  increase  in  problem 
sise  is  required  only  to  procem  additional  elements,  and  this  cost  grows  hoeariy  with  problem  sise. 
Another  beneficial  characteristic  of  PCG  is  the  fact  that  the  solution  at  the  previous  time  step,  e.g.  (23) 
with  d  —  1  can  be  used  as  the  initial  estimate  in  the  iteration.  This  is  in  contrast  to  the  inability  of 
direct  methods  to  take  advantage  of  a  known  approximation  to  the  solution. 

Finally,  but  equally  important,  PCG  for  nonlinear  Finite  Element  applications  is  amenable  to  vec¬ 
torised  and  multi-processor  machines  because  assembly  of  global  matrices  is  not  required  in  the  numerical 
evaluation  in  the  Conjugate  Gradioit  algorithm,  as  well  as  in  the  application  of  the  preconditioners.  Our 
work  in  the  area  of  approximate  factorisation  methods  in  pre-conditioning  continues.  Improvements  in 
conditioning  are  manifested  in  the  somewhat  remarkable  computer  resource  reductions  indicated  in  the 
next  section  for  the  simplest  of  pre-conditioners,  namely  that  of  diagonal  scsJing. 


4.8  PCG 

Standard  TOPAZ  uses  a  Chcdesky  skyline  solver  preceeded  by  a  Gibbs-Poole-Stockmeger  bandwidth 
mininusatkm.  The  CPCf  time  of  this  solver  is  proportional  to  AT  •  BW*y  >.here  N  is  the  matrix  sise  and 
BW  is  the  half  bandwidth.  With  complex  3D  proMems  the  bandwidth  becomes  very  large  and  8(rfution 
times  can  become  enormous  -  even  for  a  fast  code  Uke  TOPAZ. 

To  generate  a  relatively  nnbsased  comparison,  a  cube  with  nonlinear  material  properties  (including 
latent  heat  of  fusion  effects)  was  generated.  Linear  type  (non  varying  film  coefficient)  convective  bound¬ 
ary  conditions  were  apf^ied  to  all  exterior  surfaces.  Tbe  models  were  of  consistent  geometry  but  varying 
numbers  of  elements  (varying  &om  2x2x2  up  to  10x10x10).  Standard  TOPAZ  is  compared  to  a  widely 
avmlable  general  purpose  finite  element  code  in  Figure  7.  Tbe  two  programs  Utok  approximatdy  the 
same  number  of  iterations  to  converge  and  about  the  same  number  of  Hme  stq>s.  The  PCG  solver  was 
implemented  so  that  predte  comparison  could  be  made  with  studard  TOPAZ,  and  tbeae  results  are 
included  in  Figure  7.  Conve^euM  of  the  PCG  solver  was  set  to  six  digits  (.01  d^pees),  and  three  to  five 


iteratioiM  (tweept  throogh  the  element  list)  were  required  >  regardloM  of  problem  nse.  Hence,  CPU  time 
for  PCG  incieMed  Bnenrly  with  the  number  cd  dements  as  e:q>ected.  Fm  actual  sdidification  problems 
with  about  5,000  DOF  (and  about  5,000  elements),  PCG  was  about  ten  times  faster  than  Cholesky  for 
Hnear  problems. 

The  nonlinear  equations  of  each  time  step  (21)  are  best  solved  by  direct  iteration.  Certain  features 
of  the  PCG  method  make  it  well  suited  to  solving  mildly  nonlinear  systmns  via  the  direct  iteration 
method.  Our  direct  iteration  sdotion  of  (24)  is  a  predictor  corrector  scheme  of  the  general  form 

=  1/2  +  1/2  {Jf.},  (27) 

Which  converges  rapidly  if  [X]  and  {5}  are  nearly  linear  functions  of  {A*};  typically  (24)  converges 
in  2  to  4  iterations.  When  the  Cholesky  solver  is  used  for  (27),  each  iteration  is  exact  (to  machine 
accuracy),  when  all  that  is  needed  is  a  better  estimate  of  for  improved  evaluation  of  [i4]  and 

{6}.  In  Figure  14,  we  show  how  the  PCG  method  converges  the  temperature  at  a  typical  node  p<wt 
where  large  changes  are  occuring.  This  asjrmptotic  convergence  is  ideal  for  the  direct  iteration  solution 
(27).  After  two  conjugate  gradient  steps,  we  update  the  matrices  as  in  (27)  and  continue  with  more 
conjugate  gradient  steps  before  updating  again.  Usually  only  two  to  four  updates  of  the  equations  are 
required  to  converge  the  nonlinear  system  as  temperature  change  is  restricted  to  ten  or  twenty  degrees. 

The  result  is  that  the  PCG  solver  converges  (21)  in  about  the  same  number  of  steps,  regardless  of 
whether  the  problem  is  linear  or  nonlinear.  This  provides  a  further  speed  improvement  of  two  to  four 
over  the  Cholesky  solver. 

4.9  Conclusion 

The  previous  sections  have  laid  out  a  series  of  techniques  used  to  improve  the  performance  of  a  finite 
element  heat  transfer  code.  These  enable  one  to  solve,  on  VAX-like  hardware,  problems  which  would 
stretch  a  CRAY,  e.g.  10,000  to  30,000  DOF,  400-800  enclosure  radiation  surfaces,  100-300  time  steps. 
These  new  features  were  added  to  TOPAZ,  and  the  resulting  finite  element  analysis  system,  combined 


Fig.  13:  CPU  Time  Comparison  Fig.  14:  Typical  PCG  Convergence 


with  the  graphics  pre-  and  post-processing  software,  provides  a  powerful  capability  for  designing  improved 
gating  systems  for  very  complex  parts.  Foundry  engineers  can  modify  the  gating,  rerun  the  analysis  and 
view  the  results  in  a  matter  of  hours.  The  simulation  system  allows  the  casting  engineer  to  explore  new 
techniques  and  processes  imposrible  to  develop  on  the  foundry  floor  with  trial  and  error  methods.  The 
next  software  devdopment  wiU  be  to  add  postprocessing  for  metallurgy  predictions. 

6  Forging 

Poring  it  a  process  in  which  a  metal  billet  is  preheated  and  deformed  plastically  by  a  sequence  of 
shaped  dies  under  high  pressure.  The  forging  die  designer  seeks  to  control  the  process  to  that  the 
material  is  deformed  within  a  window  of  temperature,  strain  and  strain  rate.  This  processing  window 
depends  upon,  among  other  things,  preform  design,  workpiece  temperature,  die  lubrication,  and  die 
velocity.  The  die  designer  abo  seeks  to  minimiie  cost  by  minimising  the  n.miber  of  processing  steps.  A 
computer  progrsm  that  simulates  the  fmging  process  enables  the  designer  to  evaluate  a  given  proems 
and  numerically  redesign  the  process  to  optimise  quality  and  minimise  cost. 

In  the  early  1970's  the  theoretical  basis  for  such  a  simulation  program  was  esiaUtshed  by  Lee 
uid  Kobayashi  [1]  at  the  University  of  California,  Berkdey.  They  introduced  a  ripd-viscoplastic  finite 
element  meibod  which  ignores  elastic  strains,  assumes  the  workpiece  remains  incompresriMe  and  treats 
the  fdastic  deformation  as  a  flow  problem.  An  outgrowth  of  this  work  was  a  two-dimenskmal,  finite 
element  computer  program,  ALFID  (Analysis  of  Large  Plastic  Incremental  Defonnation)  [63]i  which 
was  designed  spedflcally  to  simulate  the  forging  of  metals.  The  workpiece  is  decretised  by  linear, 
quadratic  or  cubic  quadrilateral  elements,  and  the  dies  are  modeled  as  rigid  movii^  bodies  which  impose 


dyiuaileally  defined  frietkm  booadary  condition*  on  the  workpiece  m  it  deform*.  ALPID  b**  been 
generalised  to  hnndle  arbiiranlj  thsped  dies  [12]  and  to  simultaneously  solye  the  heat  transfer  equations 
120). 

The  flow  formulation  in  ALPID  tnyolyes  several  approximations  which  warrant  discussion.  The 
'^ow”  formulation  in  ALPID  is  generally  applicable  if  the  plastic  strains  are  very  large  compared  to 
elastic  strains  (which  are  ignored).  Residual  stresses  and  stresses  in  so-called  Mead  sones*,  which  are 
present  in  most  extnisioos  and  forgings^  cannot  be  easily  calculated.  Dead  sones  cause  ALPID  to  have 
convergence  problems,  residual  stresses  are  important  in  the  prediction  of  workpiece  crack  initiation. 

5.1  Rigid  ViBCoplastic  Versus  Elasto-plastic 

An  alternative  to  the  ALPID  ri^d  viscoplastic  formulation  which  addresses  these  issues  is  an  elastic- 
plastic  formulation.  Through  the  I960**  and  early  1970*8  applications  of  elasto-plastic  codes  were  re¬ 
stricted  to  relative  small  strains,  and  various  attempts  at  very  large  strains  were  unsuccessful.  Recently 
Nagtegaal  [25]  has  proposed  a  fundamentally  different  approach:  an  integral  form  of  the  constitutive  rate 
equations.  This  allows  Lagran^an  and  Eulerian  codes  to  achieve  equal  accuracy.  This  approach  was 
implemented  in  the  MARC  program  by  its  developers,  along  with  appropriate  capabilities  for  describing 
die  boundaries. 

Recently  MARC  and  ALPID  have  been  compared  on  identical  problems  [22]  so  as  to  obtain  a  true 
comparison  of  both  approaches  for  for^g.  The  model  was  an  aluminum  ring  specimen  squashed  to  a 
30%  height  reduction,  no  remeshix^  was  required.  The  authors  concluded  [22]  that  both  ALPID  and 
MARC  can  be  expected  to  produce  results  in  good  agreement  with  each  other.  However,  the  ALPID  code 
is  several  times  (about  5  to  8)  more  efficient  than  MARC.  The  advantage  is  due  to  ALPID’s  simplified 
rigid-viscoplastic  formulation  and  the  fact  that  the  code  is  specifically  designed  for  metal  forming.  Real 
for^ng  problems  require  hundreds  of  elements  and  several  hours  of  computer  time  for  ALPID,  hence 
MARC  is  rarely  used  in  practice. 


5.2  Automatic  Remeshing  for  ALPID 

Accurate  simulations  of  complex,  multi-step  forging  processes  have  been  difficult  or  impossible  to  obtain 
using  ALPID,  primarily  due  to  the  requirement  for  frequent  redefinition  of  the  finite  element  mesh. 
Most  realistic  forgings  reduce  the  original  height  of  the  workpiece  by  60-70  percent  total,  about  1% 
per  time  step.  Without  remeshing  the  accuracy  of  the  simulation  is  compromised  by  severe  distortion 
of  the  finite  elements.  More  peculiar  to  ALPID,  however,  is  the  need  to  ensure  that  the  boundary 
nodes  in  contact  with  the  dies  remain  closely  spaced  so  that  the  boundary  element  edges  conform  to 
the  complex  die  contours  as  illustrated  in  Figure  15.  Frequent  remeshing  not  only  is  time  consuming 
for  the  user,  it  also  denies  him  easy  access  to  a  continuous  history  of  field  variables  at  material  points 
defined  by  nodes.  EALPID,  an  enhanced  version  of  ALPID,  developed  by  Structural  Dynamics  Research 
Corporation  (SDRC),  offers  capabilities  which  address  these  problems.  The  user  has  access  to  special 
tracking  options  which  provide  a  time  history  (uninterrupted  by  remeshing)  of  stress,  strain  and  thermal 
quantities  at  specified  material  pewts.  Also,  during  the  batch  process,  EALPID  automatically  redefines 
the  finite  element  mesh  and  adapts  the  mesh  definition  to  minimise  the  overlap  of  the  workpiece  boundary 
elements  and  the  dies.  Other  types  of  adaptive  meshing  have  sought  to  intensify  the  density  of  nodes 
where  the  field  variables  exhibit  steep  gradients.  Hageman  and  co- worker  {23}  have  developed  an  adaptive 
remeshing  procedure  that  ensures  conformity  of  a  finite  element  mesh  to  a  moving  rigid  boundary  of 
arbitrary  shape,  the  primary  requirement  in  forging. 


Figure  15:  An  ALPID  Simulation  Without  Remeshing 
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5.3  Adaptive  Remeshing  Strategies 

An  obvious  advnniage  to  notomntic,  ndnptive  remeshing  for  simulations  that  require  20-30  remeshes  is 
the  enormous  savings  in  the  users  time  and  effort.  P^haps  a  more  important  advantage,  however,  is 
greater  reliability  of  the  numerical  results.  Remesh  criterion  are  precisely  defined  and  uniformly  ^plied; 
it  does  not  depend  upon  a  mesh  th^  *k>oks  bad’,  nor  does  it  wait  for  the  extreme  conditions  signaled 
by  a  n^ative  Jacobian. 

There  are  two  forms  of  remeshing  implemented  in  EALPID.  The  first,  called  nodal  adjustment, 
improves  the  shape  of  the  finite  elements  but  does  not  change  the  element  topology.  The  second,  called 
FVee  Mesh  Generation  (124),  FMG,  redefines  the  element  topolc^  according  to  localised  commands; 
FMG  also  ensures  well  formed  elements.  Both  EALPID  remeshing  procedures  conserve  the  volume  and 
the  current  shape  of  each  material  region. 

5.4  Nodal  AcUustment 

In  EALPID’s  nodal  adjustment  procedure  the  position  of  each  free  node  is  defined  to  be  an  average  of  all 
other  nodes  connected  by  a  single  element  edge.  Nodes  on  &ee  surfaces  are  restrained,  those  on  an  axis 
of  symmetry  are  partially  restrained  (they  can  move  along  that  axis),  and  the  remaining  nodes  are  free. 
The  nodes  are  processed  in  numerical  order  and  the  entire  procedure  is  repeated  a  sufficient  number  of 
times  to  ensure  convergence.  The  iterative  procedure  can  be  represented  by  the  equations: 

X’+>  =  AT«i«e(£X‘)  (28) 

Vr'  =  Average  (X:V7) 

where  t  ranges  over  ail  nodes,  j  ranges  over  the  nodes  connected  to  the  ith  node,  and  n  is  the  iteration 
counter.  Figure  16  illustrates  the  effects  of  this  nodal  adjustment  procedure. 

5.5  Remeshing  with  FMG 

An  FMG  (free  mesh  generation)  remesh  is  triggered  when  any  one  of  three  criteria  is  satisfied; 
s  Die  overlap  (or  void)  exceeds  some  fraction  of  total  workpiece  cross  section  area,  e.g.  0.1% 
s  An  interior  node  is  too  close  to  a  die  boundary,  expressed  as  a  fraction  of  element  edge  length 


Figure  16:  An  Example  EALPID  Mesh  Before  and  After  Nodal  Adjustment 


Figure  17:  Part-Die  Overli^/V<nd 
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•  An  element  becomes  severely  <listoried  relative  to  its  initial  shape 

the  remesh  is  initiated,  mesh  point  grading  values  are  assigned  so  as  to  concentrate  nodes  where  die 
overlap  areas  are  largest.  Details  of  the  algorithms  and  derivations  are  available  in  [15];  only  the  con^pts 
are  presented  here.  Along  the  pari  surfaces  which  contact  the  die,  grading  values  are  assigned  which 
ccmtact  the  die,  grading  values  are  assigned  which  reduce  part-die  overly  (or  void)  to  an  acceptable 
value  (user  defined).  If  we  assume  the  die  boundary  is  a  circular  arc,  as  shown  in  Figure  17,  then  the 
arc  radius  and  overlap  area  are: 


R  = 


8A* 


(29) 


Hence,  element  side  length  is  nearly  proportionally  to  the  cube  root  of  overlap  area.  Since  many  element 
sides  must  be  defined,  an  iteration  scheme  of  the  form; 


t  A'Jl)  (30) 

is  used  to  redefine  mesh  grading  values.  Then  total  overlap  area  is  recomputed  and  compared  to  an 
allowable  error, 

=  E  (ifAefl.)  <  *4.  (31) 

where  is  total  workpiece  area  and  c  is  user  defined.  If  the  total  overlap  is  still  too  large,  Amtn 
is  reduced  and  (30)  is  re-applied.  A  typical  FMG  remesh  is  shown  in  Figure  18,  and  illustrates  how 
the  automatic  adaptive  remeshing  procedure  enables  EALPID  to  have  its  mesh  dynamically  conform  to 
complex  die  shapes.  User  intervention  is  minimised  and  the  results  are  accurate  and  reproducible. 


5.6  Interpolation 

After  each  remesh  EALPID  interpolates  the  time  integrated  quantities  of  the  analysis  (stress,  strain,  and 
temperature)  by  employing  a  local,  spline  fitting  procedure  developed  by  F^anke  121).  Briefly,  the  cross 


Figure  18:  An  EALPID  Mesh  Before  and  After  an  FMG  Remesb 
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Figure  19:  Effective  Strain  Before  and  After  Remeshing  and  Interpc^ation 
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aectkm  of  the  wi^hpiece  it  •ub<livided  into  a  number  of  overlapping  rectangular  redone.  In  each  region 
a  thin  plate  spline  is  fit  to  the  data  at  the  computational  points  (nodes  or  integration  points)  of  the  old 
mesh.  Then  the  data  at  the  amiputational  points  of  the  new  mesh  are  obtained  from  a  weighted  sum  of 
the  splines,  the  wdghting  functions  being  products  of  normalised  piecewise  cubics.  This  interpolation 
procedure  was  chosen  first  becmse  it  was  found  to  be  more  accurate  than  the  ‘lumped  mass*  least  squares 
procedure,  especially  at  new  points  that  are  outside  the  domain  of  the  <dd.  Secondly,  when  there  are  a 
large  number  of  points  to  interpolate,  this  procedure  is  more  efficient  than  a  least  squares  interpolatioa. 
Figure  19  shows  contours  of  effective  strain  before  and  after  remeshing  and  interpolation. 

5.7  Other  Capabilities 

Besides  the  essential  adaptive  remeshing,  practical  usage  is  enhanced  by  a  number  of  other  features. 
One  of  these  is  point  tracking,  whkh  allows  the  nodes  of  the  initial  mesh  to  be  foQowed  through  the 
numerous  remeshes  to  the  final  part.  Stress,  strain  and  temperature  can  be  plotted  at  tracking  pmnts; 
connectivity  graphically  displays  total  material  movement.  Simultaneous  heat  transfer  was  added  and 
coupled  to  EALPID  to  simulate  warm  and  cold  die  forging.  Specifically,  the  viscoplastic  work  was 
added  to  heat  transfer,  and  temperature  dependence  was  added  EALPID  material  laws.  Die  velocity 
controls  were  added  to  rimulate  various  forging  machines  such  as  hammers,  scotch-yoke  mechanisms, 
and  feedback  contr<^  systems,  or  to  keep  the  material  within  critical  processing  windows.  User  defined 
velocity  functions  can  be  used  to  simulate  the  performance  of  specific  machines.  Users  may  also  change 
dies  to  simulate  the  shift  from  blocker  to  finisher,  and  maintain  the  shape  and  strain  history  of  the  part. 
Automatic  bandwidth  mmimisaiion  after  each  remesh  keeps  EALPID  running  at  top  speed. 

5.8  Conclusions 

The  rigid  viscoplastic  finite  element  approach  of  ALPID  is  the  most  cost  effective  approach  to  forging 
simulation;  it  is  almost  an  order  of  magnitude  cheaper  than  MARC.  The  automatic  remeshing  and 
interpolation  of  EALPID  are  essential  ingredients  for  practical  industrial  use  in  forging  die  design. 
Numerous  other  additions  have  extended  EALPID  to  a  wide  range  of  practical  process  simulations. 

6  Cyclic  Processes 

The  previous  sections  have  concentrated  on  the  technology  for  simulating  processes  commonly  used 
for  very  high  performance  aerospace  components.  However,  die  casting  and  thermoplastic  injection 
molding  continue  to  increase  in  popularity  decades  after  their  introduction.  During  the  197D*s  software 
development  emphasised  the  filling  process,  but  It  soon  became  evident  that  cooling  plays  a  key  role 
in  quality  and  cost.  Typically  more  than  half  of  a  die  casting  cycle  is  cooling.  This  section  will  review 
briefly  the  key  concepts  for  numerical  simulation  of  cooling.  For  a  detailed  discussion  of  cooling  and 
filling  see  [26,27]. 

The  two  most  important  issues  in  the  cooling  analysis  are  to  reduce  cycle  time  and  improve  the 
quality.  This  is  achieved  by  cooling  the  part  as  fast  as  possible,  but  uniformly  across  its  span  and 
equally  across  the  thickness.  The  design  of  both  the  part  and  the  cooling  system  are  important  to  both 
cycle  time  and  quality.  Poorly  cooled  areas  (hot  spots),  due  to  poor  cooling  tine  placement  or  excessive 
part  thickness,  can  result  in  warpnge,  residual  stresses,  surfaces  blemishes  and  cracks.  A  numerical 
heat  transfer  simulation  of  the  production  cycle  can  help  estimate  cooling  time,  set  appropriate  process 
conditions,  and  predict  part  solidification  in  sufficient  detail  to  guide  the  design  of  the  part  and  the  mold 
cooling  system. 

6,1  Cycle  Averaged  Methods 

Early  software  retied  on  the  concept  of  cycle-averaged  heat  transfer.  This  converts  a  cyclic  problem  into 
a  steady  state  problem  where  the  results  are  average  values  over  the  cycle.  Hence,  heat  transfer  analysis 
and  solidification  prediction  in  the  part  (plastic,  aluminum,  sine)  is  not  possible  mathematically.  The 
user  must  supply  material  ii^iectkm  temperature,  part  ejection  temperature  and  cycle  timing  and/or 
mold  temperatures.  Then  the  heat  transfer  software  can  compute  mold  temperature  and  heat  transfer 
paths  to  the  water  lines,  subject  to  various  assumptions  or  modifications.  One  early  package  used  shape 
factors  for  die  heat  transfer,  resulting  in  a  very  fast  analysis.  Recent  packages  have  r^laced  the  shape 
factors  with  2D  or  3D  bnear  finite  eltaient  analysis,  or  a  linear  boundary  element  analysis. 

The  cyde  averaged  approach  has  a  number  of  short  falls,  key  points  being; 

•  Variations  over  the  cycle  are  blurred;  local  die  hot  spots  seriously  underestimated 

•  It  cannot  predict  cycle  time,  and  time  to  reach  ejectioD  temperature 

•  It  cannot  predict  die  surfa^  temperature  versus  time  nor  material  temperature  at  ejection  time 
without  input  the  user  would  rather  not  provide  (e.g.  die  surface  temperature) 

Hence,  the  main  use  of  cycle  averaged  analysis  is  to  balance  the  cooling  load  between  core  and  cavity 
and  across  the  die. 


6.2  Efficient  Transient  Analysis 

Recently  SDRC  has  introduced  a  cyclic  procees  cooling  analytU  code  which  addresses  most  of  the  ob* 
jections  to  the  cycle  aTeraged  codes  (26).  Heat  transfer  within  the  part  is  fully  coupled  with  a  three 
dimensional  representation  of  the  mold  and  a  network  flow  analysis  of  the  coolant.  The  simulation  is  an 
iteratiYe  procedure  based  on  a  transient  model  of  the  part^  a  time  periodic  model  (Fourier  transform)  of 
the  m<dd  and  a  steady  state  model  of  the  coolant.  The  part  is  analysed  by  a  nonlinear  finite  difference 
modd.  The  mold  is  analysed  in  the  frequency  domain  using  a  procedure  based  on  the  boundary  element 
method,  and  the  inverse  Fourier  transform  allows  coupling  to  the  part  analysis.  The  sero  Fourier  mode 
is  the  cycle  average. 

The  simulation  can  predict  cycle  time  and  time  dependent  temperatures  smd  fluxes  in  the  part, 
dies,  and  coolant  without  requiring  any  initial  guesses  of  mold  temperature  and  cycle  time.  Contour 
plots  over  the  parts  surface  include: 

s  Time  to  reach  ejection  temperature 

a  Material  temperature  at  ejection  time 

«  Mold  surfrce  temperatures  throughout  the  cycle 

•  Cooling  network  flows 

•  Thermal  power  per  cycle  in  each  component 

For  plastic  injection  molding,  several  comparisons  with  test  data  indicate  (hat  the  package  predicts 
temperatures  with  ±3*C  when  the  process  is  modeled  in  sufficient  detail. 

6.6  Conclusions 

The  cyclic  processes  of  die  casting  and  injection  molding  can  be  analysed  to  the  same  high  levels  of 
accuracy  demonstrated  for  forging,  heat  treating  and  casting.  The  advantages  of  true  cyclic  cooling 
simulation  over  cycle  averaged  analysis  are  becoming  widely  recognised.  The  SDRC  software  is  accurate 
enough  to  help  process  designers  make  quantitative  decisions  on  part  dimensions,  cooling  line  placement 
and  flow  rates.  The  major  source  of  error  is  that  sometimes  important  features  like  inserts  are  not 
modeled. 

7  Summary 

A  series  of  numerical  methods  have  been  briefly  outline  which  address  specific  issues  in  the  numerical 
simulation  of  casting,  forging  and  heat  treating  processes.  These  numerical  techniques  have  been  added 
to  EALPID,  T0PA2,  ud  NIKE  and  integrated  into  the  I-DEAS  MCAE  environment.  This  gives 
manufacturing  engineers  access  to  the  same  geometry  and  finite  element  models  used  by  design  engineers. 
Hence,  the  manufacturing  engineer  and  design  engineer  can  work  in  parallel  to  jointly  design  the  part 
and  process  to  obtain  the  most  cobX  efficient  part  in  the  least  time. 

The  specific  numerical  methods  outlined  heretn  should  finally  be  discussed  in  a  different  context. 
Wlule  they  indeed  have  made  process  simulations  possible,  the  user  roust  have  a  high  level  of  training, 
experience  and  judgement.  No  computer  program  is  bullet  proof,  but  nonlinear  process  simulation  codes 
are  full  of  traps  for  the  unwary.  New  numerical  methods  will  continue  to  improve  our  ability  to  simulate 
manufacturing  processes  and  make  them  more  stable.  The  techniques  and  progress  shown  herein  should 
be  viewed  as  the  beginning  of  a  quiet  revolution  taking  place  in  manufacturing. 
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Abstract 

A  mixed  Eulerian-  Lagrangian  finite  element  method  is  developed  by  which 
nodal  point  locations  can  be  adapted  Independently  from  the  actual  material 
displacements.  Numerical  difficulties  due  to  leu^ge  element  distortions,  as  may 
occur  when  the  updated  Lagrange  method  is  applied,  can  be  avoided  by  this 
method.  Movement  of  (free)  surfaces  can  be  taken  into  account  by  adapting 
nodal  surface  points  in  a  way  that  they  remain  on  the  surface.  Hardening  and 
other  deformation  path  dependent  properties  are  determined  by  incremental 
treatment  of  convective  terms. A  local  and  a  weighed  global  smoothing  procedure 
is  Introduced  in  order  to  avoid  numerical  instabilities. 

The  method  has  been  applied  to  simulations  of  an  upsetting  process,  a  wire 
drawing  process  and  a  cold  rolling  process.  In  the  simulation  of  the  rolling 
process,  both  workpiece  and  roll  are  simultaneously  analysed  in  order  to 
predict  the  flattening  of  the  roll.  Special  contact-slip  elements  are 
developed  for  the  the  tool-  workpiece  interface. 


1.  INTRODUCTION 

Simulation  of  metal  forming  processes  by  the  finite  element  method  using 
the  updated  Lagrange  method  is  restricted  with  respect  to  the  deformation 
range  because  the  element  mesh  may  be  completely  distorted  after  a  number  of 
steps.  Besides  boundary  conditions  must  generally  be  adapted  after  each  step 
or  after  a  number  of  steps  because  of  the  changing  contact  between  tool  and 
nodal  material  points.  A  sinuiltaneous  simulation  of  workpiece  and  tool  cannot 
be  carried  out  if  slip  occurs.  A  simultaneous  simulation  of  workpiece  and  tool 
is  of  particular  interest  in  problems  with  considerable  heat  conduction  and 
heat  production,  as  well  as  in  problems  where  deformations  of  the  tool  cannot 
be  neglected  (rolling  of  tin  plate).  Therefore  a  procedure  has  been  developed 
in  which  nodal  point  locations  can  be  (incrementally)  adapted  independent  of 
the  material  displacement  increments.  Conditions  for  free  or  forced  surface 
movements  can  be  satisfied.  An  updated  Lagrange  approach  as  well  as  an 
Eulerian  approach  can  be  regarded  as  special  cases  of  the  procedure.  Therefore 
it  is  called  the  mixed  Eulerian-  Lagrangian  formulation. 

The  procedure  was  first  presented  by  one  of  the  authors  in  1982  (1).  An 
extensive  description  is  given  in  (2) . 

2.  MATHEMATICAL  MODELING 

The  mathematical  model  is  based  on  general  principles  of  continuum 
mechanics:  equilibrium,  compatibility  and  constitutive  relations.  In  this 
paper  we  will  present  a  brief  description  restricted  to  quasi-static 
isothermal  conditions  and  time  independent  material  properties.  (A  description 
including  thermal  effect  and  time  dependent  material  properties  is  given  in 
(2.31) . 


2.1  Constitutive  equations 

The  constitutive  equation  for  elastic-plastic  material  can  be  written  as 
(2,5.7,8.10.111 :  « 

t  -  (1) 

where  S  is  the  Jaumann  rate  of  the  Cauchy  stress  tensor: 


O'  -  O’  -  w*o’  ♦  O’*:.) 


(2) 


is  the  elastic  plastic  "tangent  modulus"  tensor,  depending  on  the  material 
properties,  the  stress  and  the  deformation  history.  The  tensor  d  is  the  rate 
of  deformation  tensor  defined  as  the  synmetric  part  of  the  gradient  of 
velocity  v, 

d  -  j  (V.7  +  IJ.v)  (3) 

and  (•>  is  the  spin  tensor  defined  as  the  anti-syniDetric  part  of  the  gradient  of 
velocity  v, 

“  “  5 

The  equilibrium  condition  yields: 

e-?  +  £  -  0  (5) 

Note:  vectors  are  denoted  by  subscript  wiggles,  and  tensors  by  subscript  bars. 
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2.2  Contact  and  friction 

The  analyaia  of  fomins  proceasea  cannot  ^e  reatricted  to  product  deform- 
ationa  only.  One  haa  to  include  into  the  analyaia  the  product-tool  contact 
region,  friction  at  the  product-tool  interface  and  aometimea  even  the  tool 
itaelf.  Thia  calls  for  a  finite  element  approach  to  model  the  contact 
conditions,  especially  in  the  multi-body  case.  K  finite  eleoient  formulation 
for  simulation  of  thia  contact  has  been  presented  by  the  authors  in  (9). The 
contact  description  is  inspired  on  the  assumption  of  a  friction  layer  with  a 
small  but  finite  thickness  .  Stick-slip  constitutive  behaviour  is  introduced 
as  non-associated  elasto-plasticity  (elastic  properties  in  thickness  direction 
and  elastic-plastic  defora»ation  in  shear) . 

Consider  two  bodies  A  and  B  and  a  (candidate)  contact  region  C  [41.  Define 
a  reference  surface  3  between  the  bodies,  having  equal  normal  or  directional 
distances  to  either  body: 


Fig.  1  Contacting  bodies  A  and  B  with  (candidate) 
contact  region  C  and  reference  surface  S. 


Referring  to  Fig.  1,  two  coordinate  systems  are  defined;  a  global,  fixed, 
coordinate  system  (b^,b^)  and  a  local,  corotating,  coordinate  system  (e^,e^)  : 

5i  -  ‘6* 

The  time  derivative  can  be  expressed  as: 

k  ’  -  9i  -  '7> 


defined  to  equal  the  rate  of  rotation  of  reference  surface  3. 

2.2.1  Stress  and  shear  deformation  in  the  contact  region 

Since  contact  stresses  are  considered  to  be  tractions  applying  to  only  one 
surface  (interface)  3.  it  can  be  denoted  os  a  first  order  tensor  r; 


Ta)<ing  time  derivatives; 


T  e  +  T  e  »  T  -  T  e  +  O  T  e 

-  v-v  V  j  j-v 


(B) 


(9) 


Altsrnativsly  r  can  bs  split  up  into  a  corotational  derivative  r  and  a 
rotational  change  : 

T  -  f  +  n-T  (10) 

V 

Hence,  tensor  components  for  t  must  satisfy: 

?  "  \5i 

The  roomentaneous  situation  in  the  contact  region  is  shown  in  Fig.  2: 


A  M  ,  t  . 

X  •  X  +  jAx 

»  M  t . 

X  -  X  -  jAx 


Fig.  2  Position  of  related  points. 

The  rate  of  deformation  is  defined  by: 

a  •  X*  -  x"  -  Ax.  (12) 

t  t  t  V 

Thus  tensor  d  denotes  relative  surface  velocity,  corrected  for  rotation 
of  the  reference  surface 

d  -  Ay  -  O*  Ax  (13) 

Constitutive  behaviour  is  taken  analogous  to  elasto-  plasticity.  The  rate  of 
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deformation  la  asaumed  to  conaiat  of  a  reveraible  (elaatic)  part  and  a  non- 
reveraible  (plaatic.  c.q.  alip)  part.  A  linear  relation  ia  assumed  between 
corotational  stress  derivative  and  the  elaatic  part  of  rate  of  deformation, 
hence : 

T  -  E*  (tf  -  with  E  - 

It  is  assumed  that  normal  relative  displacement  is  strictly  elastic.  The 
non-elastic  rate  of  deformation  is  assumed  to  have  the  direction  of  the 
tangential  stress.  The  slip  criterion  is  defined  for  Coulomb  friction: 

-^4  +  h.l  -  ® 

From  (14)  and  (15): 

V  r  ®  ®  1 

I  “  •  where  Y  -  (16) 

t  J 

The  above  relation  is  valid  in  case  of  slip  (plastic)  deformation.  For 
the  elastic  situation:  Y  -  e,  for  the  open  situation:  Y  ”  I  "  ?  > 

E  and  Y  are  generally  combined  ~into  a  deformation  stiffness  tensor  $'by 
stating  ^  *  E  -  Y.  and  contact  behaviour  becomes: 

?  “  alternatively:  (17) 

3.  VIRTUAL  POWER  AND  FINITE  ELEMENT  FORMULATION 

For  the  two  bodies  A.  B  (Fig.  1)  the  virtual  power  yields: 


j6d^^<y.^dV  -  fiv*)T.dS  +j6v.T.dS  -  0  V6v, 


(18) 


Finite  elements  are  derived  in  the  usual  way.  the  real  velocity  distribution 
ia  approximated  by  interpolation  of  nodal  point  velocities  v^: 

V  •  r  V  (19) 

The  finite  element  formulation  for  the  body  interior  is  derived  by 
substitution  of  eq.(19)  and  eg.d)  into  the  rate  of  change  of  the  first 
Integral  of  eq.(ld).  Thisformulation  is  straight  forward  and  can  be  found  in 
many  books  and  papers  considering  finite  elements  (6.7.8)  as  far  as  the 
linearized  (incremental)  solution  of  the  nodal  velocities  is  concerned. 


The  description  of  the  contact  element  is  derived  from  the  rate  of  change 
of  the  contact  surface  integral  in  (16).  The  rate  of  deformation  (slip)  and 
spin  in  the  contact  region  are  approximated  using  (19)  by  respectively 


and 


n.  -  E 


(20) 


Substitution  of  (19)  and  (20)  into  the  rate  of  change  of  the  contact  surface 
integral  results  into  a  stiffness  matrix  equation  for  the  contact-slip  element 
with  components: 


ffB”,  b" 


M 

jm 


9 


contact 


♦  Br.T.B"  +b;;.axtb"  ds 

Iclv  kim  kjl  kvmj 


(21) 


4.  INCREKENTAL  STRESS  FOIOtULATION 

Nonlinearity  end  path-dependence  necessitate  an  incremental  solving 
procedure.  After  solving  incrsmsntal  displacemsnts.  the  stresses  are 
calculated  in  integration  points.  The  bulk  elements  used  are  4-noded  linear 
isoparametric  elements  with  constant  dilatation  [6,7,B1.  For  a  4-nodad  contact 
element  two  integration  points  are  defined  each  of  which  is  chosen  at  a  point 
X  (Fig.  2)  halfway  the  corresponding  nodal  points.  This  position  enables  a 
more  accurate  determination  of  the  open-close  condition  in  the  nodal  points. 

In  the  mixed  Eulerian  Lagrangian  formulation  material  displacement  and 
nodal  (grid)  point  displaceswnt  are  uncoupled.  Uncoupling  of  material  and  grid 
point  displacement  implies  that  in  addition  to  the  incremental  calculation  as 
in  the  Updated  method,  convection  must  be  taken  into  account  in  order  to  be 
able  to  update  the  state  at  the  grid  points.  The  stress  increment  is  given  by 
(1.2) : 

6a  -  aAt  ♦  (22) 

a  •  ©i*  ♦  6a  (23) 

whgra  Au  is  the  material  displacement  increment  derived  from  the  solved  nodal 
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point  velocities  and  Ax  the  nodal  displacefoent  increment. 

“  y  *  1*'** y**^^  ^24) 

The  first  term  on  the  righ  thand  side  of  (22)  equals  the  stress  increment  as 
in  the  Updated  method,  the  second  term  represents  the  convective  stress 
increment . 

The  determination  of  the  convective  stress  increment  complicates  the 
solution  procedure  considerably  because  the  stress  gradient  is  needed  and  this 
cannot  be  calculated  directly  at  element  level.  The  convective  terms  are 
calculated  fr<XD  the  differences  between  the  values  in  adjacent  elements  of 
each  material-associated  quantity  respectively.  Firstly  at  element  level  nodal 
point  stresses  are  calculated  us^ng  local  least  square  smoothing  (12). 
Thereafter  mean  nodal  stresses  o'^^are  calculated  frcMit  all  adjacent  elements 
resulting  in  a  continuous  stress  field. 

o  •  £  (25) 

The  stress  gradient  at  element  level  is  now  determined  from  £  .A  more  smoothed 
stress  field  is  obtained  if  prior  to  the  next  increment  the  integration  point 
stresses  are  replaced  by  values  determined  from  eq.(25)  using  the  appropriate 
local  coordinates  in  the  interpolation  function  However,  this  field  will 
generally  not  satisfy  nodal  point  equilibrium.  Therefore  The  integration  point 
values  are  not  completely  replaced  by  the  smoothed  values  obtained  from  eq . 
(25),  but  are  calculated  as  a  weighed  sum  of  eq.(23)  and  eq.(25).  The  weight 
factor  depends  on  the  relative  displacement  A|^  -  Ax  and  the  element  size. 

Nodal  point  equilibrium  can  be  achieved  using  an  iteration  method  related  to 
the  Hu-Washizu  principle  161 . 

The  stress  components  in  the  contact  elements  are  related  to  a  coordinate 
system  defined  by  the  orientation  of  the  contact  element.  These  stress 
components  are  not  necessarily  continuous.  Consequently  it  is  not  possible  to 
calculate  nodal  stresses  as  mean  values  of  all  adjacent  elements.  Besides,  the 
smoothing  procedure  would  give  incorrect  stress  predictions.  Therefore  a 
procedure  has  been  used  by  which  the  calculation  of  mean  nodal  stresses  is 
restricted  to  elements  of  the  same  type. 

5 .  surface  movement 

Movement  of  (contact)  surface  points  can  be  t4)cen  into  account  by  adapting 
nodal  surface  point  locations  in  such  a  way  that  they  remain  on  the  moving 
surface.  The  procedure  is  illustrated  in  Fig.  3  .  It  is  observed  that  the  new 
position  of  nodal  surface  points  is  not  exactly  on  the  surface  found  by  the 
element  boundaries  if  the  material  displacement  increments  are  followed. 
However,  if  the  new  position  of  the  nodal  points  would  have  been  chosen  on 
these  element  boundaries,  material  is  lost  at  every  increment.  When  using  a 
spline,  the  amount  of  lost  material  is  more  or  less  in  equilibrium  with  the 
added  material . 


new  nodot  pomttQCQtion 

moteriot  dispkicement 
increment 


surtoce  of  etements  ofiermoterioi 
djSPiQcemeni  (ot  l«mel*&l) 

spline  through  moteriol 

surfocepoints _ 

lost  moterKii 
odded  motenol 


Imitcl  surfoce  q<  etemenls(ot  lime  11 
Fig.  3  Adaptation  of  nodal  surface  point  location. 
6.  SIMULATIONS  OF  FORMING  PROCESSES 


The  first  process  which  has  been  simulated  is  the  upsetting  process,  a 
process  which  can  be  regarded  as  a  benchmarlc  problem  for  metal  forming.  The 
upsetting  process  is  defined  as  the  axial  compression  of  an  axi-  syometrical 
body  between  two  undeformable  plates.  The  plates  are  assumed  to  be 
sufficiently  rough  to  suppress  slip  at  the  interfaces.  The  finite  element 
dicretlzation  consists  of  48  isoparametric  elements  with  four  nodes  and 
constant  dilatation  according  to  Nagtegaal  et.al.  [7].  The  material  properties 
used  are  those  of  low  carbon  steel  with  code  CKI5.  The  undeformed  mesh  is 
shown  by  Fig  4.  Only  a  quater  of  the  cross  section  is  modeled  because  of 
symmetry.  The  analysis  was  carried  out  using  the  mixed  Eulerian-  Lagrangian 
method.  The  element  location  is  adapted  in  a  way  that  too  much  distortion  of 
the  elements  is  avoided,  whereas  the  expansion  of  the  contact  surface  is 
continuously  taAen  into  account  by  adapting  nodal  surface  point  location 
accot ling  the  procedure  discussed  in  section  5.  The  deformed  mesh  is  shown  by 
Fig.  5. 


Fig.  7  Finite  element  mesh  for  simulation  of  the  wire  drawing  process 


Fig.  8  Predicted  stress  distribution  of  the  wire  drawing  process 
after  a  stationary  state  is  reached 
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Fig.  9  Alflo  shows  the  'diaplscsnont  backward  plot‘.  obtained  by  subtracting 
the  total  aaterial  displacesMnts  of  the  particles  that  finally  coincide  with 
the  nodal  points*  frosi  the  final  location  of  the  nodes.  The  discrepancy 
between  the  shape  of  the  billet  in  the  backward  plot  and  the  initial  shape  is 
a  aeasure  for  the  accuracy  of  the  simulation.  It  can  be  observed  that  in  the 
intersection  between  the  cylindrical  free  outer  surface  and  the  contact 
surface  a  small  piece  of  material  is  lost  due  to  the  incremental  expansion  of 
the  contact  surface. 

The  sioiulation  has  experimentally  been  verified  by  an  upsetting  test  on  a 
cylindrical  billet  of  low  carbon  steel  with  code  CK19.  The  measured  and  the 
predicted  load-  displacesmnt  curve  is  shown  by  Fig.  6.  It  can  be  observed  that 
there  is  a  rather  good  agreement  between  experiment  and  prediction. 

The  second  process  that  is  simulated  is  a  wire  drawing  process,  the  finite 
element  mesh  is  shown  by  Pig.  7.  The  material  used  is  soft  copper.  Fig.  8 
shows  the  predicted  stress  distribution.  A  highly  inhomogeneous  axial  stress 
distribution  appeared  in  the  wire  after  reduction.  This  stress  distribution 
will  remain  in  the  wire  after  unloading  (the  neutral  point  is  shifted  after 
unloading) .  similar  residual  stress  distribution  have  been  measured  by  means 
of  Abntgen  diffraction. 


An  other  simulation  was  carried  out  for  stand  3  in  a  5-stand  cold  rolling 
mill  at  H0060VENS  tJmuiden  BV.«  The  Netherlands.  The  geometry  and  finite 
eleomnt  mesh  are  shown  in  Fig.  9  and  Pig.  10  respectively.  Only  half  of  the 
problem  is  modeled  because  of  synaetry. 

The  rolled  material  is  low  carbon  steel*  the  roll  is  taken  into  account  as 
an  elastic  structure  in  order  to  predict  roll  deformation.  The  contact 
elements  are  located  between  roll  and  rolled  material,  the  coefficient  of 
friction  is  0.07. 


Fig.  9  Geometry  of  the  cold  rolling  process. 


Fig.  10  Element  mesh  of  the  cold  rolling  simulation. 

The  simulation  has  been  performed  in  429  steps.  In  tho  first  15  steps  an 
entry  and  exit  tension  of  110  N/ma  was  applied  to  the  rolled  material.  In 
each  following  step  a  displacement  increment  of  the  roll  of  O.OOOIR  was 
prescribed  until  a  steady  state  was  achieved. 

The  resulting  normal  and  shear  stress  distribution  on  the  interface  roll 
and  rolled  material  is  given  in  Fig.  11.  The  point  where  the  shear  stress 
reverses  is  called  the  neutral  point  ;  roll  velocity  equals  rolled  material 
velocity.  Fr<xn  entry  towards  neutral  point  the  roll  is  moving  faster  than  the 
rolled  material,  from  neutral  point  towards  exit  the  roil  is  moving  more 
slowly  than  the  rolled  material.  This  is  characteristic  for  cold  rolling 
processes . 

Fig.  12  shows  the  undeformed  and  the  deformed  roll  shape.  The  deformed 
roll  deviates  from  a  circular  shape  and  the  roll  deformation  has  a  relatively 
strong  effect  on  the  total  reduction.  In  this  simulation  only  a  small  part  of 
the  roll  was  modelled,  if  a  greater  part  of  the  roll  is  modeled  the  effect  of 
roll  defonoation  will  be  stronger.  This  is  a  point  of  investigation  in  the 
future . 


I 
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Fig.  11  Raaulting  normal  and  ahaar  atreaa  distribution 


Fig.  12  Undeformed  and  deformed  roll  shape. 
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SUMMARY 

For  the  metal  forming  Industry,  numerical  simulation  procedures,  through  which  the 
tremendous  costs  for  process  development  and  experimental  tools  can  be  reduced,  are  gaining 
an  Increasing  significance. 

In  this  paper,  a  finite  element  code,  based  on  the  well-known  elastic-plastic  formula¬ 
tion  by  McMeekIng  and  Rice  will  be  given  and  some  Interesting  Industrial  metal  forming  ap- 
llcatlons  will  be  discussed.  The  finite  element  approach  Is  of  updated  Lagranglan  type  uti¬ 
lizing  a  generalized  Prandti-Reuss  flow  rule  together  with  the  v.MIses  yield  criterion. 

Nonl Inearl  ties  resulted  by  the  material  response  and  the  complex  kinematics  of  the  problem 
are  handled  numerically  through  the  self-correcting  and  the  midpoint  stiffness  methods. 

Examples  of  application  cover  the  analysis  of  residual  stresses  In  extrusion,  the 
simulation  of  the  Sachs  boring-out  method,  as  well  as  the  simulation  of  instabilities  and 
deep-drawing. 


1  INTRODUCTION 

The  current  trend  In  metal -forming  Is  to  produce  geometrically  complex  workpieces 
which  are  almost  net-shaped.  This  leads  necessarily  to  more  costly  tools  and  pressing  ma¬ 
chines,  so  that  the  profit  basically  depends  on  the  process  development  time  and  the  costs 
of  the  experimental  trial -and-error  analysis.  Under  these  circumstances,  numerical  simula¬ 
tion  procedures,  through  which  the  tremendous  costs  for  experimental  tools  can  be  reduced, 
gain  industrial  significance. 

Among  various  numerical  analysis  techniques,  the  most  effective  ones  are  the  finite 
element  procedures.  Although,  first  finite  element  formulations  for  the  analysis  of  linear 
elastic  problems  have  been  given  In  the  early  1960's  the  development  of  formulations  for 
the  analysis  of  problems  Involving  nonl Inearltles  has  started  some  decades  later  and  Is 
still  going  on.  Especially,  the  analysis  (or  equivalenty;  the  "simulation")  of  metal  for¬ 
ming  problems  exhibits  a  complex  mathematical  and  physical  nature.  Involving  all  possible 
nonl Ineari ties : 

i)  Geometric  nonl Inearltles :  If  the  initial  and  final  configurations  of  a-not  necessarily 
deforming-body  differ  by  a  finite  amount,  so-called  "geometric"  nonlinearities  arise 
due  to  the  no-more-linear  kinematics  of  the  motion  of  the  body. 

11)  Material  (or  physical)  nonl Inearltles ;  The  nonlinear  dependence  of  stresses  onto 
strains  in  a  deforming  body  is  named  as  "material  (or  physical)"  nonlinearity. 

ill)  Nonlinear  boundary  conditions:  If  the  natural  boundary  conditions  change  with  time  as 
a  function  of  deformation,  they  are  called  "nonlinear". 

The  first  known  formulation  for  the  finite  element  analysis  of  metal  forming  problems 
Is  the  so-called  Initial  stress  approach  by  Zienklewicz  et  al .  [1]. Based  on  an  elastic- 
plastic  material  description,  this  formulation  ignores  completely  geometric  nonlinearities 
as  well  as  nonlinear  boundary  conditions.  Hence,  the  application  of  this  method  to  practice 
forming  processes  1s  very  limited. 

The  rigid-plastic  formulation  developed  by  Lung  [2]  and  Independently  by  Lee  and 
Kobayashi  [3]  as  the  viscous-plastic  formulation  by  Zienklewicz  and  Godbole  [4]  prove  them¬ 
selves  as  very  efficient  for  the  analysis  of  metal -forming  processes.  Justified  through 
the  fact  that  elastic  strains  are  smaller  than  the  plastic  onjs  for  three  orders  of  magni¬ 
tude  during  practical  forming  problems,  material  behaviour  Is  modeled  by  neglecting  the 
elastic  response  completely.  By  this  simplification  the  kinematic  nonl Inearltles  can  be 
by-passed  legally  in  the  solution,  leading  to  reduced  computational  times.  An  excellent 
application  of  this  formulation  Is  given  In  [5]  with  a  special  emphasis  on  the  handling 
of  nonlinear  boundary  conditions.  Yet,  this  type  of  formulations  fall  In  two  principal 
cases  of  application: 

a)  If  the  simulation  Involves  the  analysis  of  spring-back,  residual  stresses  and  similar 
memory-based  elastic  phenomena,  and 

b)  If  friction  between  dies  and  the  elastic  portion  of  the  workpiece  Is  of  Interest. 
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In  such  cases  a  so-called  ‘complete*  analysis  of  the  problem  Is  required.  That  Is, 
the  material  response  have  to  be  modeled  by  an  elastic-plastic  constitutive  relationship. 
The  first  sound  formulation  using  an  elastic-  plastic  material  law  has  been  given  by 
McMeekIng  and  Rice  [6].  Here,  a  hypoelastic  constitutive  equation  has  been  used,  whereas 
the  formulation  has  been  based  on  a  variational  principle  by  Hill  [7].  An  alternative 
formulation  founded  on  Lee's  Idea  [8]  of  an  unloaded.  Intermediate  configuration  has  been 
given  by  Argyris  and  Ooltslnls  [9].  Their  constitutive  equation  Is  of  hyperelastic  type. 

The  purpose  of  this  paper  Is  to  demonstrate  the  advanced  level  reached  In  the  field  of 
finite  element  simulations  of  metal-forming  processes.  For  this  purpose,  firstly  a  finite 
element  procedure  based  on  a  hypoelastic  material  law  will  be  briefly  described  and  then 
some  examples  of  Industrial  applications  will  be  given. 


2  ELASTO-PLASTIC  FORMULATION 

The  outline  of  the  finite  element  formulation  will  be  given  In  three  steps:  variational 
statement,  material  law  and  numerical  solution.  These  steps  are  covered  sequentially  In  the 
following  sections.  All  thermal  effects  are  neglected. 


2. 1  Variational  Statement 


Consider  a  body  with  the  current  volume  V  and  the  current  surface  area  A.  If  this  body 
Is  deforming  under  the  action  of  the  surface  traction  t,  the  equilibrium  equations  are  given 
by  the  principle  of  virtual  displacements  (by  neglecting  body-forces): 


/  T:  «(U7)  dV  =.  /  t.«u  dA  .  (1) 

V  “  A 


Here,  T  Is  the  Cauchy  stress  tensor,  ij  the  displacement  vector  and  7  the  gradient 
operator.  Since  the  elasto-plastic  constitutive  equations  are  In  rate  form,  eq.(l)  has  to 
be  In  rate  form  too.  Following  the  procedure  In  [10]  yields 

/  [f:  5L  +  T:  (4L^.L)]  dV  •  /  i*.dv  dA"  (2) 

V  ■  ■  A*  ■ 


as  the  correct  rate  form  of  eq.(l).  Here, 

i  ‘  1  +  J(l=k)  +  I-M  -  H.T  -  g.T  -  T.D  (3) 


Is  the  so-called  Truesdell  rate  of  Cauchy  stress,  L  the  velocity  gradient,  and  g  the 
antisymmetric  and  symmetric  parts  of  respectively.  Notice  that  the  surfaFe  Integral  In 
eq.(2)  Is  referred  to  the  Initial,  load-free  configuration.  Vet,  the  use  of  the  Truesdell 
rate  of  Cauchy  stress  In  a  constitutive  equation  leads  to  unsymmetric  stiffness  equations 
during  the  finite  element  discretization.  This  problem  can  be  overcome  through  the  updated 
Lagranglan  approach  by  assuming  that  the  current  configuration  coincides  Instantaneously 
with  the  reference  configuration.  This  assumption  leads  to  the  variational  statement  of 
the  problem  [6]: 


/  [S:«D-2(D.T):40*T:(6L^.L)]  dV  =  /  l".4v  dA  .  (4) 

V'-”' - -  A"" 


Herein,  2  denotes  the  Jaumann  rate  of  Kirchhoff  stress.  Now,  expressing  the  stress  rate 
through  a  constitutive  relation  like 


8.^:0 


(5) 


will  complete  the  mathematical  frame  of  the  formulation.  Before  defining  the  elasto-plastic 
material  tensor^  ,  the  difference  between  the  variational  statement  given  by  eq.(4)  and 
the  one  for  the"o-called  “small-strain*  case-see  e.  g. [l]-shoul d  be  noticed.  For  this 
purpose,  eq.(4)  can  be  rewritten  as 


/  (t:4D+«R+«C)  dV  »  /  l".«v  dA  (6) 

V  "  “  A  “  ■ 


with  the  rotational  term 
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«R  -  (T.Jj  -  W.T):«D  (7) 

and  the  convective  ter* 

-  [I(i:D)-D.T-T.O  ]  :«D  +  (8) 

However,  the  ‘small  strain*  principle  reads  [1], 

/  T:Se  dV  .  /  t.Sv  dA  .  (9) 

V  =  “  A 


Comparing  eqs.(9)  with  (6),  It  gets  apparent  that  the  terns  SR  and  <5C  are  absent  and  that 
the  Infinitesimal  strain  tensor  £  Is  used  Instead  of  the  rate  of  deformation  tensor  D  as 
well  as  the  current  rate  of  traction  t  Instead  of  t*.  “ 


2. 2  Elasto-Plastic  Material  Tensor 


The  elastic-plastic  material  law  applied  1s  the  linear  combination  of  the  generalized 
Hooke's  law  for  elastic  deformations  and  the  Prandtl -Reuss  relationships  for  plastic  defor 
mations.  The  bases  for  this  combination  are  the  rates  of  deformation,  such  that 

D  »  0*'  +  (10) 


with  2®'and  The  elastic  and  plastic  parts  of  the  total  rate  of  deformation  tensor, 
respectively.  Eg. (10)  leads  to  the  el asto-pl ast ic  material  tensor  as  follows  [10]: 


^•20  (I  +  j - ^ -  ) 


and 


fO  for  T(T)  k,(<A)  and  T(T)<  0 

or,  T(T)  <  k^(<f) 

1  for  T(T)  k^(>P)  and  t(T)  >  0 


(11) 


(12) 


Here,  G  denotes  the  elastic  shear  modules,  v  the  Poisson's  ratio,  kf  the  flow  stress, 
the  equivalent  plastic  strain,  T  the  v. Wises  equivalent  stress  and  T'  the  deviatoric 
Cauchy  stress  tensor.  Eqs.(ll)  and  (12)  preassume  isotropic  materialT,  isotropic  work- 
hardening  and  plastic  volume  constancy. 

It  must  be  emphasized  that  the  use  of  £  as  the  operator,  mapping  onto  ^  is 
justified  through  the  fact,  that  the  elastic  strains  during  industrial  metal  forming 
processes  are  nearly  infinitesimal  for  almost  all  of  the  metals  used.  Hence,  there  is 
practically  no  difference  in  mapping  the  rate  of  deformation  onto  the  Kirchhoff  stress 
or  Cauchy  stress.  The  only  obligation  which  must  be  fulfillec  is  that  the  mapping  must 
be  done  onto  an  objective  stress  measure  [11].  Because  of  the  same  reason,  i.e.  the 
almost  Infinitesimal  amounts  of  elastic  strains  during  metal  forming,  the  question,  which 
kind  of  objective  stress  rate  is  the  appropriate  measure  turns  out  to  be  immaterial. 
Therefore,  the  results  obtained  by  using  Truesdell,  Jaumann  or  some  other  objective  stress 
rate  differ  only  for  an  insignificant  amount  for  practical  metal  forming  processes. 


3  NUMERICAL  SOLUTION 

The  usual  discretization  procedure  of  eq.(4)  results  in  a  global  stiffness  equation 
of  the  form 


[K^Ka)  -  (V) 


(13) 


with  [Kj]  the  global  tangent  stiffness  matrix,  (a)  the  nodal  velocities  and  the  nodal 
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force  rates.  Eqs.(13)  are  linear  In  the  nodal  velocities.  However,  applied  within  a  finite 
tine  Interval  At,  eq.(13)  gets 


[K;]{ab}  -  /[KTlIal  dt  .  {Af“} 
'  At  ' 


(14) 


which  Is  nonlinear  In  the  nodal  displacement  Increments  (Ab).  Depending  on  the  kind  of 
sources  of  this  nonlinear  dependency,  different  numerical  solution  techniques  are  applied; 


3. 1  numerical  Treatment  of  the  Physical  Nonlinearity 

The  physical  nonlinearity  is  handled  by  the  midpoint  stiffness  method  (see  e.9.[12]). 
Fig.l  depicts  the  Iterative  character  of  this  method.  In  the  first  iteration,  a  displacement 
Increment  (Abi  )  Is  obtained  from  eq.(14),  replacing  [Kt]  by  [Ky]  for  a  given  load  Increment 
(Af  }.  Using  (Abi),  stress  Increments  Aj  and  Ak-  are  found  Integrating  eq.(5)  over  At. 
Computing  the  midpoint  stress  values  from  ' 


IT)  .  {Ti  )  +  0.51AT) 

(kfl  -  (kf_ )  *  Q.SIAk^) 

a  new  stiffness  matrix  [Upl  Fan  be  found.  The  solution  of 
[K|^]{Abl  =  {Af“) 


(15) 


(16) 


delivers  a  new  displacement  Increment  vector  lAbj).  Now,  again  for  this  last  solution, 
the  repetition  of  the  above  procedure  leads  to  a  new  midpoint  stiffness  and  hence  to  a 
new  solution.  As  a  convergence  criterion,  the  iteration  limit  has  been  used.  In  an  exten¬ 
sive  survey  (13]  this  limit  has  been  found  as  3-4  for  topical  metal  forming  processes. 


displacement  b 

Fig.l:  One-dimensional  sketch  of  the  midpoint  stiffness  method. 


The  critical  problem  of  Integrating  the  constitutive  equations  (eg. (5))  has  been 
solved  by  the  elastic-predictor-secant-corrector  method  by  Mallett  [14J.  Fig. 2  explains 
this  approach  considering  a  nine-dimensional  devlatoric  stress  space  In  {T'f.  If  the 
stress  state  at  the  beginning  of  the  Increment  is  denoted  by  point  A  (see  F1g.2) ,f 1 rstly 
a  hypothetical  stress  state  at  point  C  Is  found  assuming  purely  elastic  response  ("elastic- 
predictor  step").  Then,  by  a  plastic-corrector  step,  the  final  stress  state,  denoted  by 
point  E,  can  be  found.  The  unknown  factor  e  Is  solved  from 


(17) 


kf  -  ^~TlZ  |{T‘)*  +  2e6{D‘}At| 
and  the  plastic  strain  rate  {O’*')  Is  given  by 


jjpi  =  ■  r=r  r 


(18) 


3. 2  Numerical  Treatment  of  the  Geometric  Nonlinearity 

The  rate-character  of  the  physical  nature  of  metal  forming  processes  as  well  as  the 
nonlinear  boundary  conditions  require  small  time  steps  in  the  numerical  solution  of  the 
problem.  This  obligation  can  be  used  in  the  handling  of  geometric  nonlinearities.  The 
employed  solution  method  is  the  so-called  self-correcting  approach  [15]  and  is  shown 
schematically  in  Fig. 3.  With  the  converged  solution  {6b}  of  eq.(16)  the  new  geometry  of 
the  body  can  be  found  as  {b2)  *  {bj )  ♦  (Ab).  For  this  configuration  the  out-of-balance 
forces  are  given  by 


{AF}  -  ifl)  -  /[B]^{T)  dV  (19) 

V 

where  [B]  is  the  form  matrix  of  the  interpolation  functions.  Now,  for  the  next  load 
increment  eq.(16)  is  corrected  as 


[K|,]  (db)  -  (Af?)  +  (AF)  . 


(20) 


In  this  way,  the  drifting  of  the  numerical  solution  from  the  exact  one  Is  prevented  and 
the  Inherent  error  Ab  {see  Figure)  Is  kept  small  thanks  the  small  Increment  size. 
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Fig. 3:  One-dimensional  sketch  of  the  self-correcting  Euler  method. 


3. 3  Numerical  Treatment  of  Nonlinear  Boundary  Conditions 

Metal  forming  tools  mostly  own  a  complicated  geometry.  The  consequence  of  this  fact 
for  the  mathematical  model  Is,  that  boundary  conditions  are  encountered,  which  change  from 
point  and  from  time  to  time.  The  exact  treatment  of  this  problem  would  require  Infinitely 
small  time  steps.  Since  this  Is  not  possible,  a  feasible  approximation  of  the  boundary 
conditions  must  be  done. 

Fig. 4  shows  the  Iterative  procedure  adopted  to  handle  nonlinear  contact  problems. 
Consider  a  material  point  P  of  the  workpiece  sliding  along  a  tool  surface  (not  necessarily 
developable).  For  the  first  Iteration,  the  degrees  of  freedom  of  point  P  are  constraint 
such  that  sliding  Is  allowed  only  In  a  plane  tangent  to  the  tool  surface  In  point  A.  This 
condition  delivers  a  radial  Increment  of  4ri .  For  the  next  Iteration,  the  sliding  plane  is 
given  by  PPj  (for  the  general  three-dimensional  case  the  additional  displacement  Increment 
has  to  be  considered  also).  The  convergence  of  this  procedure  Is  excellent.  Except  for  the 
very  first  Increment,  convergence  can  be  accelerated  by  using  the  converged  ir-value  In 
the  first  Iteration  of  the  following  Increment. 


0  r 


Fig. 4:  Iterative  treatment  of  nonlinear  boundary  conditions. 
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4  APPLICATIONS 

The  theoretical  and  nunerical  fundamentals  given  In  the  preceeding  sections  have  been 
Implemented  In  the  program-system  EPDAN  (acronym  for:  Elastic  Plastic  Deformation  Analysis), 
[10].  In  this  section  some  selected  Industrial  applications  of  EPDAN  In  the  field  of  metal 
forming  are  presented  In  a  compact  form. 


4.1  Determination  of  Residual  Stresses  In  Extruded  Workpieces 

Cold  extrusion  is  one  of  the  most  Important  metal  forming  processes.  A  basic  concern 
In  judging  the  quality  of  the  products.  Is  the  level  of  the  residual  stresses  In  the 
extrudates.  These  stresses  nay  assume  values  much  larger  than  the  yield  strength  of  the 
material.  Depending  on  the  utilization  of  the  products  In  service,  residual  stresses  may 
effect  the  performance  of  these  considerably  [16].  Therefore,  there  exists  a  prime  Interest 
to  know  the  distribution  of  Inherent  stresses  In  extruded  products. 

Fig. 5  shows  the  scheme  for  computing  the  residual  stresses  In  Industrial  extrusion. 
Since  very  slight  plastic  deformations  change  the  residual  stresses  drastically,  a  complete 
consisting  analysis  of  the  production  process  Is  absolutely  necessary.  Following  Fig. 5  It 
Is  noticed,  that  In  the  first  step  the  pressing  process  Is  simulated  by  EPDAN.  Here,  the 
die  Is  assumed  as  rigid.  The  second  step  consists  of  computing  the  spring-back  of  the  die 
after  pressing  ceases.  Here,  the  die  Is  analysed  by  the  ASKA  finite  element  code,  [17]. 

Using  the  output  of  ASKA,  EPDAN  unloades  the  system  In  step  3  and  simulates  the  ejection 
of  the  workpiece  In  step  4.  Although,  the  main  deformation  occures  during  pressing,  very 
slight  plastic  deformations  are  encountered  In  the  ejection  stage  due  to  the  elastic  spring- 
back  of  the  die  In  the  unloading  stage.  How  the  residual  stresses  are  effected  by  the 
ejection  is  demonstrated  impressively  in  Fig. 6. 


Fig. 5:  Compulation  of  residual  stresses  In 

extruded  workpieces;  a  system  analysis. 


Fig. 6a  displays  the  computed  axial  stress  distribution  in  a  specimen  during  the 
pressing  stage.  The  area  reduction  Is  5DX  and  the  material  used  Is  the  typical  cold-extru¬ 
sion  steel  Ck  15.  The  analysis  was  conducted  using  259  Iscparametric  quadrilateral  elements. 
It  Is  noticed  that  tensile  residual  stresses  exist  In  the  surface  layers  of  the  extrudate 
and  compressive  ones  In  the  core.  The  high  magnitudes  of  the  tensile  stresses  are  dangerous 
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Fig. 6  :  a)  Axial  stresses  In  a  workpiece  during  extrusion. 

b)  Axial  stresses  In  an  extruded  workpiece  during  ejection. 


from  the  fatigue  and  corrosive  point  of  view  for  the  service  performance  of  the  workpiece. 
However,  after  the  punch  Is  drawn  back  at  the  shown  geometry  of  the  workpiece  In  Fig. 6a, 
the  die  spring-backs  and  slightly  compresses  the  extrudate  In  the  land  region.  Using  the 
Internal  pressure  onto  the  die  as  computed  by  EPDAN,  the  radial  spring-back  Is  found  by 
ASKA  as  0.02  mm  for  a  die  with  an  outer  diameter  of  160  mm  and  a  height  of  102  mm.  This 
radial  spring  back  corresponds  to  an  area  reduction  of  only  0.5*  during  the  ejection  stage 
Fig. 6b  shows  how  this  small  amount  of  deformation  effects  the  residual  stress  distribution 
Residual  stresses  reduce  heavily  and  change  even  their  sign  In  the  surface  layer  of  the 
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extrudate. 

As  an  Industrial  utilization  of  the  above  stated  analysis,  different  ways  of  control¬ 
ling  residual  stresses  during  extrusion  have  been  derived,  allowing  to  produce  workpieces 
with  predetermined  stress  levels.  [18]. 


4.2  Numerical  Simulation  of  the  Sachs  Borinq-Out  Method 


A  powerful  experimental  method  to  measure  axially  homogeneous  residual  stresses  In 
cylindrical  workpieces  Is  the  Sachs  boring-out  method  [19].  The  basic  Idea  of  the  method 
Is  to  compute  the  residual  stresses  from  the  measured  surface  strains  which  are  produced 
by  boring-out  layers  of  material  from  the  cylindrical  specimen.  For  the  sake  of  checking 
the  mathematical  procedure  mapping  the  measured  strains  Into  the  residual  stresses,  the 
Sachs  boring-out  method  as  applied  to  extruded  specimens  Is  simulated  by  EPDAN  (see  Fig. 7). 
Firstly,  a  workpiece  has  been  extruded  numerically.  Then,  the  extruded  shaft  (“extrudate") 
has  been  cut  off  numerically  from  the  remaining  billet  In  order  to  obtain  a  cylindrical 
specimen  with  Inherent  stresses.  Now,  In  the  third  step,  again  numerically,  layers  of 
material  have  been  bored-out  successively  by  “measuring"  simultaneously  the  surface  strains. 
The  boring-simulation  has  been  modelled  simply  by  reducing  the  Internal  nodal  forces  along 
the  respective  cutting  line  to  zero;  hence  no  fracture  criterion  has  been  applied.  After 
some  definite  number  of  holes  are  cut.  the  residual  stresses  In  the  original  specimen  are 
computed  using  the  recorded  surface  strain  by  the  algorithm  given  In  [19]. 


Fig. 7  :  Numerical  simulation  procedure  of  the  Sachs  boring-out  method. 


As  an  example.  Fig. 8  gives  the  results  of  an  comparison  between  the  axial  residual 
stresses  In  the  workpiece  as  computed  by  EPDAN  directly,  and  as  computed  by  the  Sachs 
scheme  based  on  the  strain  results  of  the  numerical  simulation  of  the  experimental  procedure. 
In  the  given  case,  extrusion  has  been  performed  for  a  relative  area  reduction  of  0.8*.  The 
residual  stress  distribution  as  found  by  EPDAN  Immediately  after  the  extrusion  stage  Is 

?1ven  In  Fig. 8  through  a  solid  line,  and  Is  treated  here  as  the  reference  solution. 

henafter,  six  holes  have  been  cut  into  the  extrudate  yielding  six  pairs  of  axial  and 
circumferential  surface  strains.  Using  these  surface  strains  and  applying  the  Sachs 
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Fig. 8  :  Comparison  between  the  true  residual  stress  distribution 
and  the  "measured"  one  by  the  Sachs  boring-out  method. 


equations  resulted  the  "experimentally"  found  residual  stress  distribution  denoted  by  a 
dashed  line  in  Fig. 8.  At  a  first  glance,  the  agreement  between  the  reference  (or  true) 
stress  distribution  and  the  "measured"  one  seems  to  be  satisfactorily.  However,  it  must 
be  noticed  that  besides  a  15%  error  in  the  core  of  the  specimen,  the  "experimental"  solu¬ 
tion  trends  to  diverge  from  the  exact  one  to  the  surface  of  the  specimen. 


4.3  Numerical  Simulation  of  Instabilities 


The  knowledge  of  application  limits  for  metal  forming  are  of  prime  importance  for 
the  production  planing  department.  In  the  case  of  wire  or  rod  drawing,  this  limit  is  given 
by  the  necking  (followed  by  the  fracture)  of  the  workpiece  between  the  drawing  clamp  and 
the  drawing  die.  In  order  to  determine  the  critical  relative  area  reduction  for  which  the 
above  stated  instability  occurs  an  extensive  analysis  of  the  drawing  process  has  been 
conducted  in  [20].  For  an  included  die-cone  angle  of  25°,  an  friction  coefficient  of  0.04 
and  a  workpiece  material  of  Ck  15,  the  analysis  delivers  the  critical  area  reduction  as 
50%.  For  this  critical  area  reduction  Fig. 9  displays  the  evolution  of  the  neck  for  some 
selected  clamp  displacements.  585  isoparametric  quadrilateral  ringelements  have  been  used 
and  the  computations  have  been  performed  on  a  CRAY  1/M  a rray-compute r . 


4 . 4  Numerical  Simulation  of  Deep-Drawing 

Recently,  CPDAN  has  been  extended  to  simulate  also  sheet  metal  forming  processes ,[ 2 1 ] . 
The  extentions  consist  basically  of  a  modified  contact  algorithm.  This  has  been  necessitated 
through  the  increased  number  of  contact  zones  in  the  problem.  Fig. 10  gives  an  example  for 
the  simulation  of  deep-drawing  of  axicymmetric  cups  with  flange.  In  the  analysis,  the 
drawing-ratio  has  been  taken  as  6  =  2.0  and  the  flat  punch  diameter  as  d5j=  60  mm.  The 
drawing  clearance  is  2.0  mm  and  corresponds  to  the  initial  sheet  thickness.  The  material 

modeled  Is  a  typical  drawing  steel  of  the  quality  RRSt  14.  The  analysis  has  been  conducted 
using  160  isoparametric  quadrilateral  ring  elements.  The  use  of  solid  elements  instead  of 
membrane  or  shell  elements  has  the  advantage,  that  it  is  possible  to  simulate  also  the 
common  ironing  of  the  sheet  oetwcen  the  punch  and  the  die.  Furthermore,  the  use  of  solid 
elements  allows  to  get  the  complete  solution  of  the  problem  including  the  bending  moments, 
shear  forces  etc.  in  any  cross-section  of  the  sheet.  Therefore,  solid  elements  have  been 
preferred  in  the  analysis,  despite  the  higher  computational  times  and  storage  requirements 
as  compared  with  membrane  or  snell  elements. 
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Fig. 9  ;  Determination  of  the  critical  area  reduction  for  drawing 

processes  through  a  finite  element  simulation  by  EPDAN,[20]. 


The  computed  evolution  of  the  plastic  tones  in  Fig. 10  agree  excellently  with  experi¬ 
mental  observations.  Firstly,  up  to  a  punch  travel  of  0.08  mm,  the  sheet  gets  plastic  at 
the  punch  and  die  radii  due  to  bending  (plastic  states  are  specified  by  a  dark  symbol  at 
every  integration  point  of  an  element  in  Fig. 10).  Then,  the  free  part  of  the  sheet  between 
the  die  and  the  punch  is  stretched  plastically.  Due  to  work-hardening,  the  transmitted 
force  through  this  sheet  portion  into  the  flange  increases,  so  that,  after  a  punch  travel 
of  3.2  mm  the  flange  starts  to  deform  plastically.  The  sheet  material  beneath  the  flat  punch 
head  gets  plastic  at  a  punch  travel  of  4.0  mm  and  behaves  after  12.5  mm  elastically  due  to 
the  hardening  of  the  material. 


5  SUMMARY  AND  CONCLUSIONS 

In  this  paper,  the  theoretical  and  numerical  fundamentals  of  the  finite  element  code 
EPOAN  have  been  reviewed.  The  examples  of  application  have  demonstrated  the  efficiency  of 
EPDAN  in  simulating  bulk-metal  as  well  as  sheet-metal  forming  processes.  Although,  the 
given  examples  have  been  all  of  an  axisymmetric  type,  the  extension  to  general  three- 
dimensional  problems  is  possible  and  rather  straightforward.  Especially,  after  the  intro¬ 
duction  of  the  high-speed  computer  generation  (e.g.  the  CRAY2)  three-dimensional  simulations 
will  gain  popularity,  even  in  the  Industry. 
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Material:  RRSt  U 

Punch  diameter  60mm,.  Sheet  thickness  So=2.mm 
Drawing-ratio  p^Z/ Orowing  clearance  :  2.mm 

punch 
travel: 


6,0  mm 


Fig. 10  :  Evolution  of  the  plastic  zone  in  deep-drawing  as  computed  bv  EPDAN,  [21], 
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SONHART 

Casting  is  one  of  the  most  direct  methods  of  producing  industrial  parts, 
or  components.  In  a  desired  shape.  It  permits  economical  faorication  of 
streamlined.  Intricate,  Integral  parts.  Because  casting  provides  design 
flexibility,  metallurgical  versatility,  and  economic  benefits,  it  is  a 
fundamental  and  vital  technology  for  any  industrial  nation. 

Although  the  casting  process  has  been  used  for  hundreds  of  years,  it 
involves  a  host  of  complex  phenomena  that  are  still  not  thoroughly  understood. 
To  date,  casting  remains  a  highly  empirical  technology,  and  production  of  new 
castings  requires  an  expensive,  time-consuming,  trial-and-error  approach.  The 
dominant  phenomena  are  fluid  motion  and  heat  transfer,  which  control  the 
quality  of  the  final  product— grain  size  and  shape,  porosity,  and  segregation 
of  alloying  elements.  In  recent  years,  mathematical  modeling  of  casting  has 
received  increasing  attention;  however,  a  majority  of  the  modeling  work  has 
been  in  the  areas  of  heat  transfer,  solidification,  metallurgical  phenomena, 
and  stresa/deformation  analyses.  Very  little  work  has  been  done  in  modeling 
fluid  flow  of  the  liquid  melt.  This  paper  presents  a  detailed  model  of  fluid 
flow  coupled  with  heat  transfer  of  a  liquid  melt  for  casting  processes.  The 
model  to  be  described  in  this  paper  is  an  extension  of  the  COMMIX  code  and  is 
capable  of  handling  castings  of  any  shape,  size,  and  material.  While  much  of 
the  emphasis  in  this  paper  Is  placed  on  fluid  flow  and  heat  transfer,  a  brief 
mention  of  RAD  needs  in  modeling  of  metalurgical  aspects,  as  well  as  stress/ 
deformation  la  also  outlined.  A  feature  of  this  model  is  the  ability  to  track 
the  liquid/gas  Interface  and  liquid/solid  interface.  It  can  also  calculate 
alloy  element  distributions  providing  that  constitutive  relations  such  as 
Interfacial  drag  between  alloy  elements  are  available.  Ttie  flow  of  liquid 
melt  through  the  sprues,  runners,  and  gates  into  the  mold  cavity  is  calcu¬ 
lated,  along  with  three-dimensional  temperature  and  velocity  distributions  of 
the  liquid  melt  throughout  the  casting  process. 


1 .  IHTRODDCaiOH 

Casting  li-  one  of  the  most  direct  methods  of  producing  industrial  parts,  or  com¬ 
ponents,  in  a  desired  shape.  It  permits  economical  fabrication  of  streamlined, 
intricate,  Integral  parts.  Because  casting  provides  design  flexibility,  metallurgical 
versatility,  and  economic  benefits,  each  year  many  thousands  of  cast  shapes  are  pro¬ 
duced,  ranging  in  size  and  weight  from  a  fraction  of  an  inch  to  many  feet  and  from  a  few 
ounces  to  over  250  tons. 

Although  the  casting  process  has  been  used  for  hundreds  of  years,  it  Involves  a 
host  of  complex  phenomena  that  are  still  not  thoroughly  understood.  The  dominant 
phenomena  are  fluid  motion  and  heat  transfer,  which  control  the  quality  of  the  final 
product — grain  size  and  shape,  porosity,  and  segregation  of  alloying  elements.  Often 
the  desired  casting  shape  is  highly  Irregular.  Consequently,  the  flow  region  in  a 
casting  mold  is  geometrically  complicated,  involving  sprues,  runners,  gates,  branching 
channels,  etc.  arranged  in  various  combinations.  Furthermore,  flows  into  the  mold  are 
moving,  and  change  from  liquid  melt  to  solid.  Air  and  other  gases  may  be  trapped  within 
the  molten  material,  forming  a  multicomponent  flow  mixture.  Nonuniform  heat  transfer, 
coupled  with  large  temperature  gradients  and  buoyancy  forces,  can  produce  natural- 
convection  currents  in  molten  regions.  Under  certain  conditions,  the  flow  may  be 
turbulent.  All  these  factors  rule  out  any  hope  of  a  purely  analytical  analysis  of  the 
process.  It  is  only  now,  with  the  development  of  advanced  computer  technology  and 
sophisticated  numerical  methods  that  we  are  able  to  characterize  detailed  flow  fields 
and  temperature  distribution  along  with  motions  of  meld  filling  and  solidification  in  a 
mold  with  complex  shape. 

While  much  work  has  been  done  in  the  past  on  hea^  transfer  and  solidification 
modelings,  advanced  fluid-flow  modeling  of  casting  has  received  attention  only  in  recent 
years  (1-4).  '^e  benefits  resulting  from  the  study  of  fluid  flow  in  the  casting  process 
are:  (a)  to  provide  a  consistent  and  correct  set  of  initial  conditions  for  solidifica¬ 
tion  analysis  after  mold  filling;  (b)  to  give  the  needed  information  for  optimizing  the 
placement  of  gates,  dimensioning  of  passages,  designation  of  casting  speeds  and  quanti¬ 
fication  of  filling  times;  (c)  to  control  and  possibly  eliminate  cold  shut,  erosion  of 
mold,  and  porosity  problem  associated  with  entrainment  of  air  or  other  types  of  gases  in 
the  mold  and  surface;  and  (d)  to  provide  a  better  understanding  of  microstructure  of  a 
casting  as  a  result  of  the  fluid  flow  pattern  and  heat  transfer  during  solidification. 
Among  the  casting  areas  where  fluid  flow  coupled  with  heat  transfer  modeling  plays  an 
important  role  may  Include  (a)  free  surface,  liquid-melt  filling  of  cavity  molds  of 
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complex  shape8>  (b)  natural  convective  flow  In  liquid  melt,  (c)  convective  flow  In 
liquid  melt  induced  by  external  forces  (e.g.,  electromagnetic  stirring),  (d)  eddy 
currents/magnetic  pressure  encountered  in  electromagnetic  (EM)  levitation  casting,  and 
(e)  ultrasonic  treatment  of  solidification  (cavitation  Induced  shock  wave). 

Although  this  paper  is  primarily  concerned  with  the  fluid  flow  and  heat  transfer 
modeling  for  castings,  a  brief  mention  of  RAD  needs  in  modeling  of  metallurgical 
phenomena  and  atress/deformatlon  is  also  presented.  A  computer  program,  COMMIX 
(COMponent  Mixing)  (5-7),  Is  the  basic  tool  used  for  generating  the  results  in  this 
paper.  COMMIX  is  a  fully  three-dimensional,  steady-state/translent ,  8ingle-/multi- 
specles,  and  alngle-Zmultlphase  code  for  thermal  hydraulic  analysis  of  single-  and 
multi-component  systems.  Tlie  COMMIX  code  was  originally  developed  for  nuclear  reactor 
applications  and  It  has  been  extensively  used  for  many  other  industries.  Among  the 
unique  features  of  COMMIX,  the  new  porous-medium  formulation  (8-10)  is  perhaps  the  most 
significant.  With  this  formulation  and  its  associated  parameters  of  volume  porosity, 
directional  surface  porosity,  distributed  resistance  and  distributed  heat  source  or 
sink,  COMMIX  can,  for  the  first  time  and  In  a  unified  and  consistent  manner,  model 
anisotropic  flow  and  temperature  fields  with  stationary  structures,  as  well  as  simulate 
multidimensional  thermal  hydraulic  environment  of  either  a  single  component  (e.g., 
nuclear  reactor,  fuel  rod  bundle,  heat  exchanger,  piping  system,  casting  mold,  etc.),  or 
a  multicomponent  system  (e.g.,  heat  exchanger  with  piping  system,  casting  mold  with 
sprues,  runners,  and  gates,  etc.)  that  is  e.  combination  of  these  components.  Another 
unique  feature  of  the  COMMIX  code  Is  the  slngle/multl-specles  capability  which  can  track 
alloy  element  distribution  in  an  alloy  casting  product. 

In  the  subsequent  sections  of  this  paper,  the  mathematical  model,  e.g.,  governing 
equations  and  solution  techniques  used  in  the  COMMIX  code  will  be  presented.  The  unique 
features  of  COMMIX  will  be  described  to  acquaint  readers  with  the  code.  Free  surface 
flow  capability  has  been  implemented  into  the  COMMIX  code  and  a  brief  description  of 
free  surface  flow  is  presented.  Preliminary  results  from  the  initial  case  studies  are 
presented  to  demonstrate  the  COMMIX  capabilities.  Finally,  a  brief  outline  of  RAD  needs 
In  modeling  of  metallurgical  phenomena  and  stress/deformation  is  given  at  the  end  that 
also  covers  our  planned  future  approaches  and  activities. 


Mathamatieal  Wodelinit  In  Fluid  Plow  and  Heat  Transfer 

A  system  of  conservation  equations  of  mass,  momentum,  and  energy  is  derived  via 
local  volume  averaging,  and  solved  numerically  by  the  COMMIX  code  as  a  boundary  value 
problem  in  apace  and  an  Initial  value  problem  in  time.  A  two-equation  k-c  turbulent 
model  Is  provided  as  user’s  option  where  k  Is  a  turbulence  kinetic  energy  and  e  is  the 
dissipation  rate  of  k.  All  these  equations  are  described  separately  as  follows: 

Conservation  of  Mass 


Ty  +  V  •  Y^PU  =  0  ( 

where  p  =  density, 

~  velocity  vector, 
t  =  time, 

Yy  »  volume  porosity  which  is  the  ratio  of  the  volume  occupied  by  fluid  in  a 
control  volume  to  the  total  control  volume, 

Yj^  »  directional  surface  porosity  Is  the  ratio  of  the  flow  area  in  a  control 

surface  at  a  given  direction  to  the  total  control  surface  in  that  direction, 


»  ^  1  +  i-.  i 
ax  -  3y  J- 


x,y,z  ■  principal  directions  In  Cartesian  coordinates,  and 

»  unit  vector  in  the  x,  y,  and  z  direction,  respectively. 


Conaarvation  of  WoMentii 

apu 

Ty  3t-  +  V  •  T,puu  -  -  YyVP  +  +  Ty(pfi  -  R) 


where  P  -  pressure, 

4  •  Viscous  stress  tensor, 

*  gravitational  acceleration,  and 
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^  «  distributed  flow  resistance. 

Conservation  of  teergy  la  Tteraa  of  tothslpy 


■  Ifv  al  -  ’  •  ''a'’’’  ^  ^  ^  «w3 


(3) 


where  k  >  conductivity 
T  s  temperature 
Jg  •  heat  source 

^  >  dissipation  rate  per  unit  volume,  and 
0^  «  heat  transfer  rate  at  wall. 

Turbulent  Transport  Equations 

Transport  Bquation  for  k  (Turbulent  Kinetic  Energy) 


w  ^ 

^v  at 


+  V  . 


^**tur  ^  ^'lam  'j 


7K 


where  *  w 


^k 

^‘tur 


“tur  Ip  /a^  \ 

-  p<,^  3^  ^3Xj  Sjj 

turbulent  viscosity 


Cj,pk2 


“lam  *  molecular  or  laminar  viscosity, 

0|j  •  turbulent  Prandtl  number  for  It 

Cp  •  empirical  coefficient  (recommended  value  Is  0.09). 
Trauiaport  Bnuatlon  for  e  (Dissipation  rate  of  k) 


Y  + 

'vat. 


'v  3t  ■  ’  ■  ^a""  '  k  ^‘^k  "  “k 


(Pk  *  0^)  -  CaTv 


Where  o-  »  turbulent  Prandtl  number  for  e 


Cj^,C2  *  empirical  coefficients  (reconunended  values  are  l,kU  and  I.92 
respectively) 


(M 


(5) 


Equations  1  through  5  are  solved  with  a  set  of  appropriate  initial  and  boundary 
conditions  which  are  detailed  in  Refs.  6  and  7.  Two  solution  procedures  (6,7) >  semi- 
Impllclt  method,  i,e.,  modified  ICE  (11),  and  fully  implicit  method,  l.e.,  modified 
SIMPLER  (12),  are  provided  as  user's  options.  It  is  to  be  noted  that  the  modified  ICE  Is 
suitable  for  fast  transient  such  as  mold  filling  problems  and  the  modified  SIMPLER  Is 
suitable  for  steady  state  calculation  or  slow  transients  such  as  solidification 
applications. 


The  solution  techniques  used  In  the  COMMIX  code  (6,7)  may  best  be  illustrated  by 
using  simplified  flow  diagrams.  Figure  1  presents  an  overall  flow  diagram  (outer 
loop).  A  simplified  flow  diagram  of  the  solution  technique  (inner  loop)  Is  shown  in 
Fig.  2.  Figures  3  &nd  A  are  simplified  flow  diagrams  for  the  mass-momentum  loop  and  the 
energy  loop  respectively. 


Unique  Features  of  the  COWHIX  Code 

The  following  are  unique  features  of  the  COMMIX  code  (7). 

•  New  Poroue-Hedlua  Foraulatlon:  COMMIX  uses  a  new  porous-medium  formulation  with 
the  parameters  volume  porosity,  directional  surface  porosity,  distributed  resis¬ 
tance,  and  distributed  heat  source  or  sink.  With  this  formulation,  the  COMMIX  code 
has  the  capability  to  model  anisotropic  flow  and  temperature  fields  with  stationary 
structures.  The  porous-medium  formulation  with  the  additional  parameter  of  direc¬ 
tional  surface  porosity  represents  a  unified  approach  to  thermal-hydraulic 
analysis.  Because  of  this  feature,  it  Is  now  possible  to  perform  a  multidimen¬ 
sional  thermal-hydraulic  simulation  of  either  a  single  component,  such  as  a  casting 
mold,  etc.,  or  a  multicomponent  system  such  as  a  mold  with  sprues,  runners,  gates, 
etc.  This  new  porous  medium  formulation  is  particularly  useful  in  simulating 
irregular  geometries. 


SPECIFY  GRID 


INITIALIZATION;  t  -  0 
SET  VALUES  OF  $  I 


OUTPUT: 

PRINT  INITIALIZED  VALUES 


BEGIN  TIME  STEP 
t  -  t  +  it 
♦  ■  ^ 

BEGIN  SOLUTION  SEQUENCE 
COMPUTE  9 


PRINTING  DESIRED 


NO 

OUTPUT: 

PRINT  DESIRED  1 

NO 

VALUES  1 

ES 

TIME  STEPS 

»  =  d.'jx'ndcnt  variabi 

( stop) 

Fig. 

1.  Overall  Plow 

Diagram 

3.  Simplified  Flow  Diagram  of  Mass-Homeotum  Loop 


•  TVo  Solution  Procedures:  In  COMMIX,  two  solution  procedures,  seml'-lmpllclt  and 

fully  Implicit,  are  available  as  a  user's  option.  The  seml-lmpllclt  procedure,  a 
modification  of  the  ICE  technique.  Is  designed  for  fast  transient  analysis,  where 
the  Interest  Is  to  examine  flow  phenomenon  In  the  time  period  of  the  order  of 
Courant  time  step  size.  The  fully  Implicit  procedure,  named  SIMPLEST-ANL  and 
similar  to  the  SIMPLE/SIMPLER  algorithms,  is  designed  for  normal  and  slow 
transients,  where  the  interest  Is  to  examine  phenomena  at  times  that  are  larger 
than  Courant  time  step  size. 

•  OeoBetrical  Package:  A  special  geometrical  package  has  been  developed  and 

Implemented  that  permits  modeling  of  any  complex  geometry  In  the  most  storage- 
efficient  way. 

•  Skew-Upwind  Difference  Scheae:  A  new  volume-weighted  skew-upwind  difference  scheme 
has  been  developed  and  Implemented  that  reduces  numerical  diffusion  observed  in 
simulations  of  flow  Inclined  to  grid  lines.  The  scheme  also  eliminates  temperature 
over/undershoots  that  are  found  to  occur  when  simulations  are  performed  with  normal 
skew-upwind  differencing  schemes. 

•  Turbulence  Hodeling:  The  following  four  turbulence  model  options  are  provided  to 
give  COMMIX-IB  (a  derivative  of  COMMIX)  a  wide  range  of  applications; 

-  Constant  turbulent  dlffuslvlty  model 

Zero-equation  mixing  length  model 

One-equation  (k)  model 

Two-equation  (k-e )  model 

•  Generalized  Realatance  and  Thepmal  Structure  Model:  The  COMMIX  code  also  contains: 
(a)  a  generalized  resistance  model  to  permit  specification  of  resistance  due  to 
Internal  structures,  and  (b)  a  generalized  thermal  structure  formulation  to  model 
thermal  interaction  between  structures  (casting  mold  wall)  and  surrounding  fluid. 

•  Nodular  Structure:  The  code  Is  modular  In  structure,  which  expedites  rapid 

Implementation  of  the  latest  available  drag  models,  heat-transfer  models,  etc.  It 
also  permits  solution  of  ID,  2D,  or  3D  calculations. 


Pree  Surface  Plow 

To  use  the  COMMIX  code  to  model  the  filling  of  a  mold,  an  additional  capability  for 
free  surface  flow  must  be  added  for  a  given  mold  configuration  which  is  subdivided  Into 
a  number  of  computational  cells.  These  Eulerlan  cells  remain  fixed  in  space  and  have  a 
temperature,  pressure,  velocity,  etc.  associated  with  each  of  them.  In  addition  to  the 
standard  variables,  a  variable  P  (fractional  volume  of  fluid)  (13)  is  Introduced  for 
each  cell  to  keep  track  of  fluid.  Interface,  and  empty  regions  within  the  configura¬ 
tions,  where  P  «  1  indicates  a  cell  full  of  fluid,  P  »  0  Indicates  an  empty  cell.  At 
any  given  time,  the  variable  P  can  be  scanned  over  the  configuration  and  each  cell 
classified  as  being 

1.  Pull  -  cells  containing  fluid  and  bounded  only  by  other  full  and  surface  cells. 

2.  Empty  -  cells  with  no  fluid  and  bounded  only  by  other  empty  and  surface  cells. 

3.  Surface  -Interface  cell,  bounded  by  ether  surface,  full,  and  at  least  one  empty 

cell. 

The  governing  equation  for  F  (fractional  volume  of  fluid)  (13)  is 

II  +  U  .  VP  =  0  ,  (6) 


Which  implies  that  F  Is  a  quantity  that  moves  with  the  fluid.  In  discretizing  the  above 
equation,  several  physical  and  numerical  constraints  must  be  observed: 

1.  The  value  of  P  must  be  between  0  and  1  Inclusive.  A  cell  cannot  be  less  than  empty 
or  more  than  full. 

2.  Fluid  cannot  be  transported  through  more  than  one  cell  during  a  time  step.  This 
gives  rise  to  the  Courant  time  step  limitation  that  ♦ 


At 


<• 

lU  Imln 


(7) 


3. 


A  full  cell  stays  full  If  only  surrounded  by  other  full  cells.  Since  a  full  cell 
Is  next  to  only  other  full  cells  and  surface  cells,  the  only  way  F  can  change  Is  if 
a  void  Is  convected  In  from  an  adjacent  surface  cell  which  has  Just  emptied. 
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iJ.  An  empty  cell  remains  empty  If  surrounded  only  by  other  empty  cells.  Since  an 
empty  cell  Is  adjacent  to  only  other  empty  and  surface  cells,  the  only  way  P  can 
change  is  if  fluid  is  convected  in  from  an  adjacent  surface  cell  which  has  Just 
filled. 

5.  A  cell  containing  an  interface  can  be  either  filling  or  emptying.  However,  if  a 
surface  cell  becomes  full  during  a  time  step,  any  fluid  excess  will  convect  to 
adjacent  empty  cells.  Conversely,  if  a  surface  cell  empties,  any  additional  void 
will  convect  into  adjacent  full  cells. 

The  velocity  field  is  determined  in  the  standard  way  between  cells  containing  some 
fluid  (surface  and  full  cells).  Interface  boundary  conditions  are  used  to  set  the 
velocity  between  surface  and  empty  cells.  No  velocity  calculation  is  needed  between 
empty  cells.  In  consideration  of  rules  1  through  5  above,  it  is  seen  that  no  calcula¬ 
tion  of  P  is  needed  in  empty  cells  surrounded  by  other  empties  or  fulls  surrounded  by 
other  fulls.  Indeed,  no  fractional  volume  of  fluid  calculation  need  be  done  except  in 
cells  containing  an  interface.  Adjustments  to  adjacent  full  or  empty  cells  are  made 
only  when  considering  surface  cells  which  have  either  been  filled  or  emptied 
respectively . 

Isolating  the  P  calculation  to  cells  containing  an  Interface  and  bypassing  the 
calculation  for  full  and  empty  cells  substantially  reduces  the  number  of  calculations 
required  for  tracking  the  Interface  and  represents  a  departure  from  the  standard  VOF 
method  (lU).  This  reduction  is  particularly  important  in  3--D  analyses  for  which  the 
vast  majority  of  cells  are  away  from  the  Interface. 

The  above  method  provides  a  very  effective  and  economical  technique  for  tracking 
the  fluid  Interface.  Work  is  continuing  to  couple  all  the  features  of  the  COMMIX  code 
to  the  interface  tracking  technique.  When  completed,  a  code  with  synergistic  features 
is  expected  which  can  give  new  insights  into  the  casting  process. 

>lumepical  Results  from  the  COMMIX  Code 

Typical  results  obtained  from  the  COMMIX  code  for  mold  filling  are  shown  in  Figs.  5 
through  13.  Figure  5  presents  the  dimensions  of  the  mold  and  the  COMMIX  computational 
mesh  set-up.  Figures  6  through  13  show  the  time  sequence  of  liquid  melt  filling  the 
mold  cavity.  In  this  particular  numerical  simulation,  the  liquid  melt  was  assumed 
Isothermal  with  selfreplenlshment  to  maintain  constant  elevation  at  A-A  as  shown  in  Pig. 
5.  A  diaphragm  is  located  at  elevation  B-B  which  was  breached  at  t  ■  0  and  the  liquid 
melt  rushes  into  the  cavity  where  t  stands  for  time.  Figures  14  through  17  present  the 
sequence  of  solidification  configurations  of  the  liquid  melt  as  a  function  of  time.  In 
this  calculation,  it  was  assumed  that  (a)  the  fluid  is  water/lce,  (b)  a  single  value 
enthalpy  determines  state,  (c)  the  initial  water  temperature  Is  10®C,  and  (d)  at  time  = 
0,  all  walls  drop  to  -40®C.  Similar  work  on  mold  filling  was  presented  in  Ref.  3;  how¬ 
ever,  it  was  limited  to  two-dimensional  analyses. 


K  =  1 


Figure  5 


Computational  Mesh  Set-up  and  Dimensions 


Figure  111.  Solldirioatlon  at  time  -  1660.0  a 


Figure  15.  Solidification  at  time  ■  50^0.0 


Figure  16.  Solidification  at  10580.0  a 

] 


Figure  17.  Solidification  at  12300.0  a 
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Dlaeu8ai.ona  and  Concluaiona 


Although  watep/lce  has  been  used  to  demonstrate  COMMIX  capabilities,  It  should  be 
noted  that  the  governing  equations  and  solution  techniques  In  COMMIX  are  entirely 
general  and  applicable  to  other  materials  (e.g.,  metals,  plastics,  composltles,  etc.) 
used  In  several  major  casting  techniques  (l.e.,  investment  casting,  die  casting, 
injection  molding,  etc). 

The  new  porous-medium  formulation  can  be  viewed  as  an  approximation  of  Irregular 
geometries  which  are  often  encountered  in  casting  molds.  This  formulation  Is  partic¬ 
ularly  suitable  for  the  marshy  zone  where  dendrites  may  be  modeled  using  the  concept  of 
volume  porosity  and  directional  surface  porosity  in  fluid  flow  calculations.  It  appears 
that  the  new  porous-medium  formulation  presented  here  is  very  advantageous  for  casting 
modeling  and  has  been  proven  to  be  numerically  very  efficient.  It  Is  intended,  however, 
that  If  the  exact  treatment  of  Irregular  geometries  Is  found  to  be  necessary,  the 
boundary  fitted  coordinate  transformation  (15-18)  should  be  used.  The  boundary  fitted 
coordinate  transformation  option  will  be  provided  as  a  user's  option  in  a  future  version 
of  the  COMMIX  code. 

The  method  described  In  this  paper  represents  a  state-of-the-art  of  fluid  flow  and 
heat  transfer  modeling  of  the  casting  process.  Although  a  great  deal  of  additional 
modeling  work  is  needed  however,  the  work  presented  Uer*®  sh'^uld  serve  as  a  foundation 
for  future  generic  casting  modeling.  It  should  be  mentioned  that  both  natural  convec¬ 
tion  of  liquid  melt  and  alr/gaa  entrainment  are  encountered  In  almost  all  casting 
processes.  Very  little  work  has  been  done  In  these  areas.  The  COMMIX  code  can  readily 
attack  these  problems  which  have  significant  Impact  on  the  quality  of  castings. 

A  number  of  metallurgical  phenomena  In  casting  processes  should  be  Investigated  and 
Implemented  in  the  COMMIX  code.  These  models  are  phase  transformation,  Interface 
stability,  mechanisms  of  formation  of  dendrite,  nucleatlon,  volume  shrinkage  during 
solidification,  and  micro-  and  macro-segregations,  etc.  Another  area  that  needs 
attention  and  effort  is  the  development  of  a  consistent  set  of  thermal  physical 
properties  of  various  materials  often  encountered  In  casting  Industries. 

Both  micro-  and  macro  segregation  problems  are  of  great  concern  to  the  casting 
Industry,  In  order  to  resolve  these  problems  once  and  for  all,  one  must  start  from 
fluid  mechanics.  This  is  because  the  segregation  is  caused  mainly  by  convection  of 
alloy  elements  in  a  liquid  melt. 

It  is  generally  agreed  In  tne  community  of  computational  fluid  dynamics  that  the 
finite  difference  (PD)  or  finite  volume  (PV)  approach  is  ahead  of  the  finite  element 
(PE)  method  at  the  present  time.  This  Is  certainly  not  true  in  the  field  of  computa¬ 
tional  structure  dynamics.  It  should  be  pointed  out  that  many  recent  advances  in  the  PE 
method  are  benefited  directly  from  the  knowledge  and  experience  gained  from  the  PD  or  PV 
approach.  For  example:  skew  elements  to  evaluate  convective  term  in  PE  Is  comparable 
to  use  upwind  difference  In  PD  or  FV;  one  point  quadrature  to  evaluate  integrals  In  FE 
la  comparable  to  simple  averaging  used  In  FD  or  PV;  etc.  It  Is  our  Intention  to  channel 
our  effort  to  develop  the  necessary  interfacing  software  between  fluid  flow  and  heat 
transfer  calculations  using  PD  or  FV  and  structure  analysis  using  FE,  Also,  our  generic 
casting  modeling  work  will  be  Implemented  In  futuristic  medium  size  computer  systems 
with  parallel  procesors.  A  simplified  flow  diagram  for  integrated  analysis  of  the 
entire  casting  process  is  shown  in  Pig.  18. 

We  recommmend  that  all  phenomenological  models  or  constitutive  relations  must  be 
validated  with  appropriate  and  carefully  designed  separate  experiments,  and  COMMIX 
results  must  be  validated  with  Integral  experiments  under  a  variety  of  operatlnir 
conditions . 

Finally,  the  generic  casting  modeling  as  proposed  in  this  paper  based  on  the  first 
principle  is  possible.  It  requires  well-planned  coordination  and  long  term  develop¬ 
mental  efforts  and  support.  The  benefit  derived  from  the  generic  casting  modeling  is 
enormous  since  most  of  the  materials  used  In  the  industry  are  formed  by  casting  (Ingot), 
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FV2230  GettDeviUiers,  France 

and 
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SNECMA  and  LSG2M  have  developed  a  finite  eleaent  mode)  of  the  thermokinetics  of  the 
directional  solidification  of  cast  turbine  blades.  The  main  difficulty  to  be  solved 
to  obtain  an  appropriate  modelling  of  the  phenomenon  lies  in  the  high  amount  of 
radiative  heat  transfers,  in  a  case  where  geometry  is  complex,  thermal  gradients  high 
and  boundary  conditions  variable  with  time.  The  model  treats  these  transfers  by  meshing 
the  radiant  surfaces  and  applying  shape  factors.  The  other  requirements  of  such  an 
approach  are  :  an  appropriate  knowledge  of  the  boundary  conditions  of  the  furnace,  and 
the  thermal  properties  of  materials  (ceramic  shells,  etc  ...). 

Experiments  have  shown  a  fair  consistency  between  the  thermal  fields  predicted  by  the 
model  and  temperature  data  recorded  during  the  solidification  of  a  cluster  of  complex 
bars  representative  of  turbine  blades. 

1  -  INTRODUCTION 


The  manufacturing  of  complex  advanced  gas  turbine  blades  using  directional  solidi¬ 
fication  requires  tightly  controlled  heat  transfers,  especially  when  single  crystal 
growth  18  Involved  :  defects  such  as  local  misorientations  or  micropores  are  close¬ 
ly  related  to  the  thermal  history  of  the  parts  during  solidification.  The  geometry 
of  the  clusters  and  the  process  parameters  must  be  accurately  determined  to  produce 
metal lurgical ly  and  mechanically  acceptable  parts. 

To  avoid  a  purely  experimental  development  for  every  new  part,  which  would  be  costly 
and  time  consuming,  SNECMA  has  undertaken  with  Ecole  des  Mines  de  NANCY  the  develop¬ 
ment  of  a  computer  program  combined  with  experimental  verification.  The  initial 
stage  of  this  work  was  performed  with  comparison  between  predicted  and  measured  data 
for  the  solidification  of  parts  with  of  simple  geometry,  such  as  cylindrical  bars 
( ref .  1) . 

In  the  subsequent  steps  we  considered  the  modelling  of  parts  and  clusters  of  increa¬ 
sing  complexity  (ref.  2  and  3)  to  build  the  simulation  of  the  unidirectional  soli¬ 
dification  of  a  turbine  blade.  This  paper  summarizes  the  studies  concerning  clusters 
of  rather  complex  bars  which  can  very  well  represent  the  thermal  behaviour  during 
blade  solidification. 

2  -  HEAT  TRANSFER  ANALYSIS 


The  experiments  were  performed  in  a  laboratory  furnace  shown  schematically  in 
figure  1.  The  mold  made  by  the  lost  wax  process  is  heated  in  a  chamber  under  secon¬ 
dary  vacuum.  When  the  metal  is  poured  in  the  shell  the  solidification  initiates  on 
the  water  cooled  chill  plate. 


Vacuum  chamber 


Turbine  blades 


Water  cooled 
chill-plate 


Fig.  I  ;  DS  furnace  scheme 
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Then  the  mold  is  withdrawn  at  a  suitable  rate  into  the  cold  chamber.  The  heat  trans¬ 
fers  can  be  described  as  follows  : 

-  radiation  leceived  b>  the  mold  from  the  heater 

-  radiation  emitted  by  the  mold  to  the  cooler 

-  radiation  between  two  parts  of  the  outer  surface  of  the  mold 

-  conduction  in  the  mold 

-  heat  transfert  between  the  mold  and  the  chill -plate 

-  latent  heat  release  in  the  solidifying  alloy. 

Natural  convection  in  the  molten  alloy  can  be  neglected  due  to  the  stabilizing  ef¬ 
fect  of  thermal  gradient  in  the  liquid  phase. 

Freezing  occurs  near  the  baffle  ;  the  size  and  the  shape  of  the  mushy  zone  which 
mainly  determines  the  crystal  growth  can  be  controlled  by  controlling  the  thermal 
gradient  (G)  and  the  solidification  rate  (R).  G  and  R  can  be  checked,  afterwards, 
by  metallurgical  investigations. 

3  -  NUMERICAL  APPROACH 

A  general  purpose  Finite  Element  (F.E.)  program  for  heat  transfer  analysis  fMODULEF) 
which  has  been  imp<’Oved  to  solve  our  particular  problem  is  used.  The  geometry  of  the 
bars,  and  obviously  of  the  cluster,  can  only  be  described  by  a  3D-mesh.  The  main 
difficulty  tu  be  solved,  for  a  satisfactory  modelling  of  the  phenomenon,  lies  in 
the  calculation  of  all  net  radiation  energy  flux  lost  at  the  mold  surface,  which 
changes  continuously,  since  the  mold  is  withdrawn  out  of  the  furnace. 

Assuming  Chat  the  DS  furnace  is  a  cylindrical  box  containing  the  casting,  an  ana¬ 
lysis  of  the  radiation  exchange  inside  such  an  enclosure  can  be  formulated,  in  a 
convenient  manner,  by  using  the  ”  net  radiation  method  ”  described  in  ref.  4.  Let 
us  divide  the  entire  inner  surface  of  this  enclosure  into  areas  so  that,  over 
each  of  them,  the  temperature  and  the  reflected  and  emitted  scattering  energy  are 
uniform  *,  if  the  emissivities  of  bodies  can  always  be  considered  to  be  equal  to 
absorptivities ,  then  a  heat  balance  on  a  surface  area  S.  belonging  to  the  mold 
(  ^  1  )  gives  ! 

H"  '  -|ji-  -  8k' 

(«■  =  5,67S.10'®  K'*> 

where  is  the  current  temperature  of 
its  emissivity , 

B  .  its  radiosity  (see  ref.  4)  calculated  by  solving  the  following 
linear  system  fx]  .  (bJ  =  (rJ 

X  is  a  s<uiare  matrix  depending  on  the  radiative  properties  of  the 
mold  (  E)  end  on  the  geometrical  shape  of  the  mold  through  a 
set  of  view  factors  f. ..  R  is  a  vector  depending  on  all  surface 
temperatures  T.  ,  in  tftii  enclosure,  on  radiative  properties  of 
the  mold  and  surroundings  and  on  view  factors  between  mold  and 
furnace . 

As  far  as  view  factors  are  concerned,  a  FORTRAN  program  has  been  developed  based 
on  FE  calculation.  We  just  emphasize  that  all  view  factors,  previously  calculated 
outside  the  FE  resolution,  must  be  corrected  during  simulation  due  tu  time-dependent 
baffle  locations,  (l)  is  implemented  in  the  FE  program  after  the  following  linea¬ 
risation  : 

f  k  =  ^  •  '^k  -  ■''k*' 

8k '  «?•■  yi  -£k'-<^k  *  f‘k>-<^k 

M  <8k/«‘ 

The  main  difference  with  simpler  previous  models  (ref.  1)  lies  in  the  way  of  com¬ 
puting  h|^  and  T*.  .  Usually,  T*.  is  an  average  value  of  tne  temperature  of  the  hot 
or  cold  "^zone  depending  on  the'^time-dependent  location  of  the  mold  in  the  furnace. 

The  determination  of  the  physical  characteristics  of  the  materials  is  very  impor¬ 
tant,  and  their  variation  with  time  must  be  considered  especially  at  high  tempera¬ 
ture  . 
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4  -  RESULTS 


Computed  results  and  test  data  were  compared  for  bars  with  rather  complex  geometry, 
shown  on  figures  2  and  3>  These  bars  were  used  to  make  the  calculation  shorter  and 

the  experiments  easier  owing  to  their  symmetrical  shape  which  allows  a  lower  num¬ 

ber  of  experimental  points  and  decreases  the  complexity  of  the  mesh  and  then  the 
duration  of  the  calculation. 

Clusters  of  such  bars  were  cast,  and  temperatures  were  measured  during  the  solidi¬ 
fication,  in  the  alloy  as  well  as  in  the  ceramic  mold.  The  measured  temperature  dis¬ 
tributions  in  the  furnace  were  used  as  thermal  limit  conditions  for  the  calculation. 
They  are  variable  with  time  and  must  be  evaluated  at  every  step. 

The  experiment  and  the  simulation  shown  below  are  an  illustration  of  our  work.  The 

bars  were  cast  with  Ni-based  superalloy  in  a  refractory  ceramic  shell  and  with¬ 
drawn  at  a  constant  rate  of  390  mm/h  during  1 $00  s  (ref.  5). 


Figure  4  present®  the  variation  of  temperature  with  the  ti.uc  for  points  located 
in  the  massive  area  (thermocouple  n®  11)  and  in  the  airfoil,  in  the  alloy.  The  sw- 
lid  lines  are  the  computerized  results  and  the  dotted  lines  the  experimental  re¬ 
sults. 


Fig.  4 

calculated  (— — )  and 
experimental  (  - •  )  variation 
of  temperature  with  time  in 
the  alloy 


Temperature! ®C ) 


The  figure  shows  a  good  agreement,  except  just  after  pouring  when  the  effect  of  the 
chiD-pl^f®  is  the  most  important.  After  a  few  minutes  the  solidification  is  slower 
and  the  mushy  zone  advances  at  a  constante  rate.  The  bar  portion  representative  of 
the  blade  solidifies  after  this  moment.  Data  recorded  after  this  stage  are  really 
significant  for  the  casting  engineer,  who  can  analyse  the  cooling  rate.  It  appears 
that  the  cooling  rate  in  the  mushing  zone  increases  as  the  solidification  front 
progresses  along  the  airfoil  span 

In  fact  it  is  unreallistic  to  look  for  an  absolute  consistency  because  of  the  respec¬ 
tive  limitations  of  experiment  and  calculation  :  for  example  measurements  with 
an  accuracy  of  a  few  degrees,  on  the  other  hand  the  calculation  depends  on  the  va¬ 
lue  of  thermophysical  properties  which  are  not  exactly  known. 
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Figure  5  gives  the  position  of  the  solidus  and  liquidus  isothems  in  the  alloy  as 
a  function  of  the  withdrawal  tine  during  the  solidification  of  the  cluster. 

Agreement  between  measured  and  calculated  curves  is  excellent.  This  figure  allows 
to  determine  the  solidification  time  t^,  the  size  of  the  mushy  zone  H  and  the  rate 
of  isotherm  advancing  rate  R.  In  this  case  R  is  equal  to  the  withdrawal  rate  as 
long  as  a  thick  zone  is  solidifying  ;  after  an  initial  short  time,  the  length  of 
which  depends  on  the  thermal  distribution,  the  rate  R  increases  for  liquidus  iso¬ 
therm.  When  the  solidus  enters  the  same  area  its  rate  increases  too,  then  it  rea¬ 
ches  a  value  which  remains  constant  up  to  the  end  of  the  process.  The  mushy  zone 
is  located  on  both  sides  of  the  baffles. 


Fig-  5 

Liquidis  and  solidus 
position  as  a  function 
of  the  withdrawal  time 


..........  cluster 

cluster 

—  — -  ..  single  bar 


Figure  $  compares  also  the  evolution  of  liquidus  and  solidus  positions  in  a  bar. 
which  is  part  of  a  cluster,  with  the  evolution  in  a  bar  cast  alone,  that  is  wi¬ 
thout  taking  Into  account  the  environnement  of  the  cluster  (ref.  2).  The  rate 
of  solidification  is  higher  in  the  second  case  and  the  size  of  the  mu.shy  zone  in¬ 
creases  too. 

A  typical  calculated  isotherm  distribution,  as  presented  in  figure  6,  illustrates 
the  evolution  of  the  isotherms.  There  is  always  a  hotter  zone  in  the  inner  part 
of  the  cluster  and  the  isotherm  arc  not  looped.  When  the  part  is  cast  alone, 
only  the  airfoil  modifies  the  isotherms  (figure  7).  In  this  case  we  find  no  parti¬ 
cular  problem  of  solidification  and  we  can  explain  some  metallurgical  difference 
between  these  the  cluster  and  the  separate  bar. 

Fig.  6  a)  Fig.  6  b) 


Fig.  6 


solidus  position  as  a  function  of  time  in  the  part  cast  in  a  cluster 

a)  in  a  vertical  section 

b)  in  the  platform 
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Fig.  7  '  solidus  position  as  function  of  time  in  the  part  cast  alone 
a  )  in  a  vertical  section 
b>  in  a  platf orm 


Such  a  distribution  is  useful  to  evaluate  t heoret i ca 1 J v  the  possibility  of  occuren¬ 
ce  of  metallurgical  defects,  such  as  grain  faulting  or  shrinkage  defects  :  the  evo¬ 
lution  of  the  defects  witli  the  -“xperimental  parameters  (temperature,  withdrawal 
rate,  thermal  gradient  »  as  well  as  with  the  geometrical  and  thermal  charact  <>r i st i cs 
of  the  cluster  can  be  evaluated  to  optimize  the  process. 

i  -  CONCLUSION 

The  results  present  ed  above  show  that  it  is  possible  to  simulatt*  ^  diteitional 
•sol  idif  ieat  ion  of  rather  complex  clusters  of  parts.  We  imprtived  a  sD-llM  computer 
program  bv  taking  the  radiatif>n  heat  transfer  into  account.  >o .  we  evaluated  the 
view  fa<t<irs  with  a  suitable  calculation  and  realized  a  'D  mesh. 

Bv  calculating  t  h«'  tluTmal  gradient  (i  and  the  solidification  t'ate  R  wt'  can  follow 
the  solidification  of  t  h*'  part.  For  example,  we  compared  the  casting  of  a  single 
bar  witVi  tliat  of  cluster  .ind  saw  that  in  the  s<*cond  case  k  is  reduced  and 

(i  is  in<'r'eased  >  . 

With  this  program  w»*  are  able  to  describe  (he  so  I  :  d  i  f  i  ca  t  i  on  f>f  blades  and  to  pre¬ 
dict  some  a-ipects  of  their  metallurgical  structiife.  llie  SSFCMA  GF SSE V 1 LL 1  FR.S  foun¬ 
dry  plant  has  now  all  the  elements  of  a  compl»*to  CAO  system  :  materials  thermal  pa¬ 
rameters,  furnac#*  mode  I  i  sat  i  <»ri ,  process  procedure.  .11)  mesh  coupled  with  thf'rmal 
modelling.  With  such  a  svst<*m  the  foundry  eng  i  neers  w  ill  b'  .»ljJ  «•  tn  opt  i  m  i /«•  the  direc¬ 
tional  so  I  i  d  i  f  i  cat  i  ofi  <>.'  complex  blades. 
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ABSTRACT 

The  aerospace  Vendor  Supplier  Industry  in  the  United  Stat»  is  now  moving  from  the  ‘Trial  and  Error’  approach  to  the 
‘Plan,  Pr^ict  and  Produce*  philosophy.  This  new  discipline  offers  reduced  development  time,  near  net  shapes,  improved 
part  quality,  reduced  inspection,  and  hence  reduced  overall  (^$t.  The  emphasis  now  is  to  make  it  right  the  first  time  in  the 
shortest  time  and  at  least  cost. 

During  the  last  decade  there  has  been  a  tremendous  amount  of  progress  in  the  development  of  fundamental  Computer  Aided 
Engineering  (CAE)  tools  for  unit  manufacturing  process  simulation.  Much  of  this  effort  in  the  United  States  has  been  spon¬ 
sored  and  funded  by  the  United  States  Air  Force  and  other  government  agencies.  The  tools  have  been  correlated  and  validated 
to  actual  problems  in  laboratories  and  shop  floors  and  a  reasonable  level  of  confidence  and  vendor  acceptance  has  been 
achieved.  These  tools  include  simulation  for: 

-  Forging  -  Investment  Casting 

-  Extrusion  -  Ring  Rolling 

•  Heat  Treatment  -  Chip  Removal 

The  challenge  now  is  to  implement  these  tools  at  vendor  sites  and  to  utilize  these  technologies  on  an  ongoing  basis  to  assist 
in  preventing  real  world  problems. 

In  today’s  business  environment,  Original  Equipment  Manufacturers  (OEM)  such  as  GE  must  work  closely  with  its  key 
vendors  to  supply  and  implement  this  technology.  GE  has  made  extensive  use  of  vendor  consortiums  in  this  effort  to  apply 
the  latest  process  simulation  technology. 

This  paper  describes  the  success  and  the  status  of  implementation  of  this  technology  at  major  United  States  aerospace  forg¬ 
ing  vendors. 


INTRODUCTION 

TODAY’S  BUSINESS  AND  TECHNICAL  ENVIRONMENT 

Business  pressures  today  are  forcing  major  changes  in  every  step  of  the  product  development  cycle  from  design  conception 
through  production.  These  pressures  include  an  emphasis  on  making  the  product  ‘right’  the  first  time,  to  reduce  the  occur¬ 
rence  of  poor  quality,  to  reduce  costs  and  to  take  advantage  of  just-in-time  production  techniques.  There  is  a  strong  tenden¬ 
cy  towards  smaller  volume  batch  production  with  less  opportunity  to  recover  up-front  design  and  manufacturing  engineer¬ 
ing  and  tooling  costs.  As  a  result  of  lower  volumes,  higher  quality  and  increased  product  performance  requirements,  the 
non-touch  or  indirect  labor  contribution  as  a  percentage  of  product  cost  has  risen  significantly.  Finally  shorter  product  life 
cycles  requiring  more  frequent  product  introductions  have  resulted  in  a  shortage  of  truly  skilled  and  experienced  design  and 
manufacturing  workforce  especially  in  the  metal  working  industry.  Each  of  these  business  pressures  have  placed  more  em¬ 
phasis  on  developing  lower  cost,  higher  quality  products  in  smaller  volumes  and  in  less  time.*" 

The  world  today  is  one  global  market  with  various  wage  structures  and  work  ethics,  but  nearly  identical  engineering  and 
production  capabilities  available  to  nearly  every  country  and  company.  Superior  product  differentiation  or  attributes  will 
result  from  how  well  a  company  is  able  to  assemble  the  right  tools,  manage  the  new  product  development  cycle  and  capture 
the  experience  of  its  best  employees. 

Manufacturers  who  do  not  constantly  strive  to  improve  their  manufacturing  processes  are  rare.  In  fact,  most  are  extinct 
or  soon  will  be.  Manufacturing  survives  on  change  because  markets  and  competition  change  and  new  processes  and  methods 
have  an  impact  on  cost  and  quality. 

The  jet  engine  has  won  a  unique  place  in  metal  working  manufacturing  because  it  is  one  product  that  has  been  in  continuous 
production  for  many  years.  Throughout  this  period,  the  design  of  jet  engines  has  seen  a  constant  change  and  so  has  its 
manufacturing.  The  constant  search  for  new  designs,  materials  and  production  processes  has  helped  to  lower  costs  and  im¬ 
prove  quality. 


GE  AND  ITS  VENDORS 

GE  -  Aircraft  Engines  (GE-AE)  is  a  leading  manufacturer  of  jet  engines  for  both  commercial  and  military  aircraft.  GE-AE 
has  a  strong  partnership  with  its  suppliers.  Today  roughly  50  percent  of  the  aggregate  cost  of  GE-AE’s  engines  represents 
the  costs  of  components  purchased  from  outside  suppliers.*^’  That  is  a  $3  billion  share  of  a  S6  billion  level  of  sales.  See 
Figure  1. 
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Figure  1 

Typical  Jet  Engine  Component  Breakdown  GE  vs.  Vendor  Supplied  Components 

Moving  into  19S7  and  the  decade  beyond,  GE  and  its  suppliers  face  a  whole  new  set  of  demands.  Higher  quality  engines 
will  need  to  be  manufactured  on  time  at  the  lowest  possible  cost.  To  compete  in  a  world  market,  yesterdays  good  will  not 
be  good  enough.  GE-AE  and  its  suppliers  must  be  the  best  to  compete  in  the  world  market. 

What  will  it  take  to  remain  a  GE  supplier?  To  remain  a  world  class  leader  in  jet  engine  business.  GE-AE  expects  flve  things 
from  its  suppliers: 

(1)  absolute  product  integrity 

(2)  highest  quality  product 

(3)  on-time  delivery 

(4)  lowest  product  cost 

(5)  most  importantly  leadership  in  new  technology  innovations  and  its  implementation 

Manufacturing  of  engineered  materials  has  entered  the  computer  age  for  improved  productivity  and  cost  efficiency.  Develop¬ 
ment  of  computer  integrated  manufacturing  (CIM)  along  with  flexible  manufacturing  systems.  CAD  /  CAM.  process  design 
and  simulation  and  automatic  process  control  and  inspection  etc.  reflect  an  entirely  new  method  of  manufacturing.  Growing 
industrial  computing  power  and  software,  artificial  intelligence,  better  communications  and  networking  offer  high  leverage 
for  making  strategic  change  now. 

PRODUCT  COST 

The  current  cost  breakdown  of  producing  a  product  or  component  is  an  important  guide  to  reducing  costs  in  the  future. 
As  shown  in  Table  1.  the  cost  breakdown  for  various  industries  is  very  similar. 

TABLE  1  -  Product  Cost  Breakdown 


Aerospace 

Defense  Automotive  Electronic 


Direct  /  Touch  Labor 

Indirect  -  Labor  &  Overhead  /  Non  Touch 

Materials — (Raw  and  Procured  Parts) 


8% 

13% 

5% 

27% 

27% 

25% 

65% 

60% 

70% 

It  can  be  seen  from  this  information  that  the  cost  of  material  is  the  largest  single  cost  component  with  indirect  costs  second. 
However,  when  one  reviews  where  industry  has  made  capital  investments  to  improve  prt^uctivity,  one  finds  that  industry 
has  invested  heavily  in  robotics  and  factory  automation  to  reduce  touch  labor  costs.  Operation  management  has  received 
considerable  attention  for  reduced  inventories  and  increased  equipment  use.  While  these  are  important  areas,  industry  has 
largely  neglected  the  materials  and  indirect  aspects  of  product  cost. 


Raw  material  costs  can  be  reduced  through  improved  product  design  using  alternative  materials  and  optimal  designs.  Manufac¬ 
turing  can  lower  material  costs  through  reduced  inventories  (using  just-in-time  delivery  scheduling)  and  more  importantly 
producing  more  nearly  net  shaped  parts.  As  OEMs  such  as  GE-AE  move  towards  a  strategy  of  more  components  being 
supplied  by  vendors  it  becomes  difficult  to  maintain  control  over  the  degree  of  near  net  shape  achieved. 


Computer  Aided  Engineering  (CAE)  for  the  manufacturing  engineer,  and  specifically  process  simulation  addresses  reducing 
the  non-touch  and  materials  aspects  of  product  cost.  Concurrent  engineering  (between  OEM  and  vendors)  is  facilitated  by 
CAE  process  and  material  simulations,  this  leads  to  improved  productivity  of  the  manufacturing  engineer’s  activity  as  shovm 
in  Figure  2. 


Figure  2 

The  Role  of  Process  Simulation  in  Manufacturing  Engineering 
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VENDOR  PROFILE 

A  typical  profile  common  to  many  United  Sutes  pans  suppliers  and  vendors  is: 

-  Small  company  -  Up  &  down  sales  cycle 

-  Relatively  old  facilities  -  Not  priced  competitively 

-  Low  profit  margin  with  offshore  vendors 

-  Limited  resources  to  invest  in 
new  manufacturing  technology 

Hence,  concurrent  engineering  between  the  OEM  and  the  vendor  is  difficult  to  implement. 

In  response  to  this  situation,  progressive  OEMs  are  working  closely  with  their  vendors  to  develop  manufacturing  process 
simulation  technololgies  under  vendor  consortiums  and  assisting  in  implementing  these  technologies  at  these  vendors.  These 
progressive  OEMs  and  vendors  realize  that  they  have  a  co-destiny  relationship  to  survival  and  growth.  The  benefits  of  this 
relationship  include: 

•  More  flexibility  to  design  changes 

•  Better  quality  through  process  optimization 

•  More  irmovative  solutions  by  the  vendor 

•  Lower  cost 

•  Processes  that  fit  the  vendor’s  production  capabilities 

•  Shorter  delivery  times,  “first  time  right” 

•  Retaining  of  1<^  suppliers  for  better  communication 

TAGUCHI  APPROACH  FOR  PRODUCT  AND  PROCESS  DESIGN 

The  work  of  Taguchi  in  the  area  of  designing  for  quality  has  received  considerable  attention  in  the  engineering  field  and 
suggests  more  'up-front'  engineering  effort.'^’  His  contribution  is  to  push  the  quality  issue  upstream  in  the  design  and 
manufacturing  engineering  activity,  well  ahead  of  actual  manufacturing.  At  the  center  of  his  framework  is  the  interpretation 
of  quality  as  measured  by  total  loss  due  to  functional  variation  in  the  performance  of  a  product  caused  by  manufacturing 
variations  as  shown  in  Figure  3. 


Nominal  quality  level 


Figure  3 

Loss  Curve  for  Product 

Taguchi  advocates  a  three-stage  product  or  process  development  cycle: 

•  System  Design  -  Application  of  experience  and  technology  to  define  the  process  alternatives. 

•  Parametric  Design  -  Parametric  study  of  the  product  and  process  to  determine  the  optimal  nominal  values  of  parameters. 

•  Tolerance  Design  -  Use  of  the  loss  function  to  develop  economic  trade-offs  which  give  rise  to  the  setting  of  production 
tolerances  for  the  factors  identified  in  the  Parameter  Design. 

The  concept  in  this  approach  is  to  avoid  random  looping  in  the  System  Design  stage  and  never  getting  to  the  Parameter 
and  Tolerance  Design  Stages.  Only  by  continuing  onto  the  Parametric  Design  stage  can  one  truly  understand  the  proposed 
process  and  from  this  understanding  gain  knowledge  that  will  lead  to  defining  the  best  possible  product  and  process.  The 
Parameter  Design  stage  consists  of: 

•  The  use  of  unit  process  simulation  to  optimize  the  process 

•  The  use  of  design  of  experiments  methods  to  search  and  evaluate  for  the  best  performance 

•  The  concept  of  robust  process  design  v.-herein  Ir.-els  of  control  parameters  wt  ;ch  minimize  the  variation  in  the  process 
from  external  sources  for  a  maximum  margin  of  safety  are  sought 

A  fundamental  tool  in  the  Taguachi  method  calls  for  the  use  of  manufacturing  process  simulations  to  evaluate  alternative 
processes. 


PROCESS  MODELING  I  SIMULATION 

Interest  in  numerical  solutions  to  all  classes  of  deformation  and  fluid  flow  processes  has  grown  significantly  in  the  last  two 
decades.  This  interest  is  now  being  utilized  in  manufacturing. 
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Increasing  competition  in  industry  and  the  emerging  frontiers  in  science  and  technology  lead  to  ever  increasing  additional 
dema^  for  more  accurate  analyses  of  industrial  processes.  The  shift  in  solution  methodologies  has  been  from  analog  to 
digital,  analytical  to  integral  method  solutions  and  integral  method  solutions  to  discretization  methods  i.e.  finite  difference, 
finite  volume  and  finite  element  methods.  The  most  popular  method  today  for  modeling  bulk  deformation  processes  is  the 
finite  element  method  because  of  the  ease  in  implementing  boundary  conditions  and  obtaining  accurate  solutions. 

The  technological  revolution  occurring  throughout  the  industrial  world  has  advanced  computer-aided  design  and  manufac¬ 
turing  engineering  (CAD  /  CAM  /  CAE)  technoiogy  significantly.  This  technology  makes  a  higher  quality  product  possible. 
Today  forging,  casting  and  several  other  industries  are  taking  advantage  of  CAD  /  CAM  /  CAE  to  meet  customer  demands 
for  higher  quality,  lower  cost  products. 

For  example  in  the  forging  industry  computers  can  be  applied  in  three  basic  areas  as  illustrated  in  Figure  4. 

•  Analyzing  and  simulating  the  forging  process  (predicting  material  flow,  stresses,  temperatures,  forces  and  energy). 

•  Preparing  part,  die  and  fixture  drawings  (drafting)  and  generating  numerical  controlled  (NC)  cutler  paths  to  produce  NC 
machined  models  (for  copy  machining),  electrodes  for  electric  discharge  machining  (EDM)  or  to  produce  a  die  directly 
from  a  die  block. 

•  Using  a  coordinate  measuring  machine  (CMM)  to  control  part,  die,  model  or  electrode  dimensions. 


Development  of  reasonably  accurate  and  inexpensive  computer  software  to  simulate  metal  flow  during  the  forging  process 
allows  the  ultimate  advantage  of  computer  applications  in  forging.  This  allows  running  forging  experiments  on  the  com¬ 
puter  such  as  simulating  the  finish  forging  of  a  blocker  design.  Experimenu  (on  the  computer)  can  be  repeated  until  satisfac¬ 
tory  results  are  obtained,  which  would  reduce  the  number  of  necessary  and  expensive  die  tryouts. 

This  computerization  of  the  manufacturing  processes  via  CAD  /  CAM  /  CAE  leads  us  to  what  is  called  today 
SIMULTANEOUS  /  CONCURRENT  /  LIFE  CYCLE  Engineering. 


•  Part  design 

•  Process  analysis 

•  Die  design 


•  Die  manufacturing 
and  inspection 

rn 


Process  modeling 

I  Die  geometry 

Process  control 


Press 


Figure  4 

The  Role  of  Computers  in  CAD  and  CAM 


SIMULTANEOUS  f  CONCURRENT  I  LIFE  CYCLE  ENGINEERING 

Ransom  Olds,  Henry  Ford,  Karl  Benz  and  Adam  Opel  did  not  design  an  automobile  and  then  turn  it  over  to  a  manufactur¬ 
ing  engineer  who  d^ded  how  to  produce  it.  Those  pioneers  of  the  automobile  industry  were  both  product  and  process 
engineers.  They  designed  the  cars  and  the  factories  that  built  them. 

Long  before  it  was  fashionable,  they  were  practicing  simultaneous  /  concurrent  engineering  (See  Figure  S).  Unfortunately, 
as  the  industrial  activities  grew,  the  trend  was  away  from  that  idea.  Product  engineers  would  design  a  product,  and  then 
turn  it  ova  to  the  manufacturing  engineer,  who  had  to  work  out  bow  to  make  it.  Now  with  the  advent  of  the  computer, 
we  can  go  back  to  the  original  approach.  Simultaneous  engineering  brings  back  these  groups  (that  historically  have  had 
friction  between  them)  together.  This  approach  brings  together  early-on  or  ‘up-fiont’  personnel  to  address  both  the  design 
of  the  product  and  the  design  of  the  manufacturing  process.  Thus,  the  combination  of  design,  materials  and  manufacturing 
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methods  can  be  more  readily  optimized.  Traditionally  these  critical  dedsions  have  been  made  by  both  the  design,  materials 
and  manufacturing  engineers  in  a  process  shown  in  Figure  6. 


Serial  Engineering 


GE  Manufacturing  and  Assembly 


Concurrent  Engineering 


GE  Manufacturing  and  Assembly 


Figure  S 

Serial  vs.  Concurrent  Engineering 


Modify 


Release 


Figure  6 

Traditional  E^oeering  Process 


Studies  have  shown  that  many  of  the  early  critical  decisions  are  made  when  only  a  small  percentage  of  development  funds 
have  been  spent  in  the  development  process.  This  results  bi  early  'locking  in’  the  performance  of  the  product.  These  tough 
early  decisions  when  there  is  little  information  and  time  available,  brgely  determine  the  ultiinate  success  (or  failure)  of  a  pro^ct . 

This  process  worked  well  for  small  improvements.  Today,  the  situation  is  quite  different.  The  development  team  is  forced 
with  totally  new  products  and  materi^  to  design,  prodijce  and  introduce  in  much  shorter  time  with  less  help  from  their 
experience. 

Computer  Aided  Engineering  (CAE)  tools  available  today  allow  the  designer  to  evaluate  alternative  designs,  select  the  most 
promising,  and  optimize  the  design  (determine  ‘best’  puaroeters)  before  prototype  build  and  test. 


To  accomplish  a  timilar  goal  for  manufacturins,  the  manufacturing  engineer  must  participate  in  the  same  type  of  revolution 
that  the  iMgner  has  gone  through.  That  is,  the  manufacturing  engineer  will  need  to  utilize  tools  such  as  3-D  solid  modeling 
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to  design,  visualize  and  document  the  manufacturing  process  and  then  evaluate  alternative  processes  using  finite  element 
analysis  tools  in  an  approach  similar  to  that  used  by  the  design  engineer  as  shown  in  Figure  7. 


With  the  appropriate  shared  CAE  tools,  concurrent  engineering  will  be  easier  to  implement.  With  the  right  CAE  tools,  the 
manufacturing  engineer  will  be  able  to  make  critical  ‘early’  process  design  decisions  with  more  knowledge  and  understand¬ 
ing  for  better  products,  processes  and  fewer  surprises  on  the  shop  floor.  Furthermore,  concurrent  engineering  can  help  to 
avoid  design  configurations  which  might  be  difficult  or  expensive  to  produce. 

One  can  utilize  many  existing  tools  to  create  a  CAE  system  for  the  manufacturing  engineer.  A  major  feature  or  need  of 
CAE  systems  that  designers  have  learned  is  to  have  aU  the  major  elements  intepated  into  a  system.  One  integration  ap¬ 
proach  used  by  l-DEAS  (Integrated  Design  and  Analysis  System)  CAE  system  is  shown  graphically  in  Figure  8. 


Figure  8 

Integrated  CAE  Software  System  Design  for  Manufacturability 
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ELEMENTS  OE  AN  INTEGRATED  CAE  SYSTEM 

The  major  tools  or  dements  of  a  CAE  system  required  by  the  manufacturiiig  engineer  are  listed  and  described  below. 
Many  of  the  tools  are  being  used  by  design  engineers. 

•  Graphic  systems,  such  as  3-D  Solid  Modelers  or  CAD  syuem  for  the  design,  visualization  and  documentation  of 
a  proposed  manufacturing  process. 

•  Electronic  data  transfer  procedures  between  various  graphics  systems. 

•  Pre-Processors  for  generation  of  finite  dement  models  from  the  stored  graphic  description  of  the  part. 

•  Manufacturing  process  simulation  analysis  tools  for  each  manufacturing  process  of  concern. 

•  Post  processing  or  graphic  output  display  of  results  tailored  to  the  spedfic  manufacturing  process  of  concern. 

•  Database  organizalioa  to  bandk  the  lar^  amount  of  graphics,  material  properties  and  pre  /  post  output  that  is  generated 
for  the  transient  analytis  of  the  manufacturing  process. 

•  Data  management  control  system  to  control,  update,  notify  and  for  approval  of  design  changes  during  the  product 
and  process  development  process. 

•  Training  of  personnel  in  new  technology  and  methods. 

•  Maintenance  and  support  of  software.  This  is  especially  important  in  the  area  of  complex  manufacturing  process 
simulation.  Hot  line  support  for  the  user  is  required  when  problems  arise. 

As  one  reads  through  the  list  of  tools  the  manufacturing  engineers  need  for  an  effective  CAE  system,  the  similarity  to  those 
currently  available  to  designers  become  apparent,  except  for  the  individual  manufacturing  unit  process  simulations.  Hence, 
one  should  be  able  to  utilize  many  existing  tools  to  create  a  CAE  system  for  the  manufacturing  engineer.  An  example  of 
one  fully  integrated  CAE  system  is  shown  in  Figure  9. 


Manufacturing 
Pfccaaa  Design 


Figure  9 

Integrated  CAE  System 


In  this  system,  3-D  solid  models  are  developed  in  GEOMOD™.  This  geometry  is  used  to  create  Finite  element  meshes  in 
SUPERTAB”'  which  are  then  interfaced  to  a  variety  of  design  and  manufacturing  analysis  tools.  Finally,  the  results  are 
displayed  by  OUTPUT  DISPLAY”*.  Each  module  of  the  system  is  integrated  to  an  application  database  with  PEARL”* 
serving  as  the  relational  database  for  storage  of  the  module  results.  The  user-friendliness  feature  of  the  integrated  systems 
is  a  major  attribute  that  the  manufacturing  engineer  needs. 


20-8 


Thus,  a  similar  framework  with  many  of  the  major  modules  in  place  already  exists  for  the  manufacturing  engineer.  The 
availability  of  effective  manufacturing  process  simulations  for  a  variety  of  processes,  such  as  forging,  die  casting,  injection 
moMiog,  sand  and  investment  casting,  chip  removal,  metal  forming,  heat  treating,  etc  . ,  is  the  major  missing  piece  of  technology; 
such  simulations  are  being  developed  today. 

The  primary  ingredients  for  process  simuluion  are  the  matliematl,;al  formulation  of  the  mechanics  of  the  process,  database 
(material  and  equipment),  geometric  and  numeric  data  base  (of  the  component)  and  the  process  design  (manufacturing  se¬ 
quence,  design  of  starting  and  intermediate  shapes,  quality  assurance  and  inspection  requirements,  equipment  capability 
and  other  constraints). 

While  most  of  the  material  database  can  be  represented  and  input  into  the  simulation  model  as  a  constitutive  equation, 
the  design  of  the  process  is  often  based  on  prior  art,  history,  knowledge,  experience  and  extrapolation.  This  art  and  ex¬ 
perience  can  be  expressed  in  the  form  of  knowledge  based  expert  system  and  be  utilized  in  the  design  of  the  manufacturing 
process.  Thus,  expert  systems  are  an  adjunct  to  the  process  simulation  tools  and  not  a  stand-alone  tool  for  determining 
the  sensitivity  of  the  process  and  its  optimization. 

The  major  elements  that  are  required  to  develop  a  successful  manufacturing  engineering  system  are  shown  in  Figure  10. 
In  addition  to  the  process  simulation  analysis  programs,  u  parallel  effort  in  experimental  testing  for  parameter  determina¬ 
tion,  model  validation  and  database  creation  is  requir^. 


—  Heat  Transfer 
—  Stress  Analysis 
-  Post  Processor 


—  Geometry 

—  Product  Specs 

—  Material  Properties 

—  Equipment  Characteristics 

—  Process  Characteristics 

—  Economic  Parameters 


Figure  10 

Generic  Technical  Approach  for  Manufacturing  Process  Simulations 


MANUFACTURING  PROCESS  SIMULATION  PHILOSOPHY 

In  order  to  develop  simulations  for  a  large  number  of  manufacturing  processes  required  for  jet  engine  components,  the 
use  of  cote  software  ‘modules’  for  each  fundamental  mechanimi  in  the  process,  such  as  transient  heat  transfer,  fluid  flow 
etc.  are  utilized  for  several  manufacturing  processes.  These  modules  are  coupled  together  to  simulate  the  desired  manufac¬ 
turing  process. 

In  general,  the  software  process  simulation  modules  are  public  domain  codes  that  allow  access  to  the  source  code  for  tailor¬ 
ing  to  specific  processes.  This  tailoring  is  important  not  only  to  allow  specific  capabilities  to  be  implemented,  but  also  to 
reduce  the  run  time  to  acceptable  values.  The  most  effective  approach  is  to  utilize  and  modify  existing  software  wherever 
possible. 
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The  total  pbtues  for  implciDencatioo  of  a  CAE  Project  such  at  a  Process  Simulation  for  a  unit  manufacturing  process  simulation 
is  shown  in  Figure  1 1  and  includes  implementation  at  the  vendor. 


GE-AE 


Figure  II 

Typical  CAE  Project  Phases 


STRATEXSY  FOR  TECHNOLOGY  TRANSFER  A  IMPLEMENTATION  AT  GE-AE  FMIGING  VENDORS 


It  has  been  shown  earlier  that  GE-AE  buys  50%  of  the  goods  and  services  from  its  suppliers.  Out  of  these,  forgings  and 
related  products  constitute  major  single  items  that  GE-AE  buys.  It  must  be  pointed  out  that  these  forgings  are  used  in  many 
critical  applications  such  as  disks,  seals,  shafts,  casings,  and  airfoils.  GE-AE  buys  all  of  its  forged,  extruded  and  ring  rolled 
components  (except  small  airfoils)  from  its  suppliers.  It  is  thus  apparent  that  GE-AE  has  a  codestiny  with  its  forging  ven¬ 
dors.  In  order  to  meet  the  demands  of  higher  quality,  lowest  cost,  on  time  delivery,  global  competition,  constantly  changing 
technologies  in  jet  engine  design,  materials  and  manufacturing.  GE-AE’s  survival  depends  on  the  strength,  superiority,  technical 
and  economical  competence  of  its  forging  vendors.  Thus  GE-AE  has  a  vested  interest  that  its  forging  vendors  remain  world 
class  prrxlucer  of  forgings  by  utilizing  and  implementing  the  latest  state-of-the-art  technol.'gic:. 

With  the  advent  of  computers  in  manufacturing,  the  pace  of  change  in  manufacturing  is  extremely  fast.  Apart  from  our 
few  major  forging  suppliers,  one  often  finds  that  many  suppliers  are  small  and  may  not  have  the  necessary  in-house  skills 
or  resources  to  implement  new  innovations  and  technologies 

Forging  industry  itself  in  the  United  States  has  been  facing  hard  times  for  the  past  6-7  years.  Many  of  the  traditional  markets 
such  as  heavy  machinery,  mining,  and  petroleum  industries  are  in  recession.  The  share  of  forgings  in  automotive  is  coming 
down  due  to  inroads  from  other  materials  and  technologies.  As  a  cons^uence  even  well  established  major  forging  com¬ 
panies  find  it  difficult  to  constantly  invest  in  new  technologies.  Yet  this  is  what  GE-AE  requires  from  its  suppliers. 


Realizing  this  predicament  GE-AE  has  been  a  catalyst  and  facilitator  in  transferring  and  implementing  many  of  these  CAE 
related  technologies  at  its  vendor  forge  shops  as  shown  in  Figure  12.  Listed  below  are  some  of  the  ways  technology  is  being 


TECHNOLOGY 

SOURCES 


I.  ROLE  OF  USAF  AND  DoD 

The  United  States  Air  Force,  Navy,  Army,  DARPA  and  many  other  government  agencies  generate,  fund  and  transfer 
technoloties.  This  is  shown  in  Figure  13.  Through  its  Processing  Science  and  Manufacturing  Science  Programs  (MAN 
SCI),  USAF  has  been  instrumental  and  responsible  for  devdopiiig  the  basic  tools,  concepts,  methodologies  and  software 
for  CAE  in  forging  and  bulk  plastic  deformation  type  unit  processes.  These  include  material  workability  maps,  dynamic 
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material  maps  and  finite  eieniem  programs  like  ALPID  (Analysis  of  Large  Plastic  Incremental  Deformation).  Manufac¬ 
turing  technology  (MAN  TECH)  type  programs  have  provided  an  environment  and  vehicle  in  testing  some  of  these 
technologies  in  actual  production  conditions.  One  such  program  is  the  MAN  TECH  IBR  program  which  has  created 
an  environment  in  taking  concepts  from  ‘Lab  to  Shop'  or  Art-to-Part.  Similarly,  Technology  Modernization  Programs 
(TECH  MOD)  have  been  responsible  in  developing  and  implementing  CAE  techniques  in  manufacturing  proceses.  One 
recent  example  is  investment  casting. 


ManTech  TechMod 


Manufacturing  Science  Processing  Science 

Figure  13 

Air  Force  /  DoD  Programs  in  Technology  Development  and  Implementation 


2.  ROLE  OF  GE-AE,  ITS  FORCING  VENDOR  CONSORTTUM  AND  TECHNOLOGY  SOURCES 

The  role  of  GE-AE,  Forging  Vendors  and  Technology  Sources  in  transferring  and  implementing  core  CAE  technologies 
from  Air  Force  /  DoD,  etc.  is  shown  in  Figures  14.  15,  and  16. 

The  concept  of  technology  transfer  via  use  of  consortiums  is  not  new.  Over  the  past  years  there  have  been  many  consor¬ 
tiums  and  literature  is  full  of  many  examples.  Throughout  the  United  States,  new  consortiums  are  forming  at  a  rate 
of  about  two  a  month*'’.  GE-AE  and  its  forging  vendors’  consortium  is  beneFicial  from  the  following  standpoints. 

•  Financial  leverage  by  vendor  participation 

•  Software  more  practical  and  usable 

•  Implementation  at  vendors,  easier  and  faster 


Provide 

funding 

support 


Guide 

consortium 
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technology 


Organize  Disseminate  and 

consortium  ,4  transfer  technology 

The  Role  of  GE-AE 
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The  Role  of  Vendors 
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Figure  16 

The  Role  of  Technology  Sources 


IMPLEMENTING  CONSORTIUM  DEVELOPMENT  PROGRAMS 

The  major  steps  involved  in  carrying  out  a  complete  consortium  based  development  program  are  described  below: 

•  MANAGEMENT  COMMITMENT 

Management  must  be  behind  any  major  development  program.  Funding  must  be  allocated,  staff  must  be  dedicated 
to  the  program  and  other  resources  set  aside  for  the  project.  In  addition,  management  must  help  deHne  the  strategic 
role  of  the  new  technology  with  the  business  objectives  of  the  enterprise.  That  is,  if  the  technology  results  of  the  pro¬ 
gram  are  not  integrated  into  the  business  properly  their  effect  will  fall  short  of  potential. 

•  PROBLEM  DEFINITION 

The  overall  scope  of  the  program  should  be  well  defined.  Often,  etpectations  can  exceed  what  is  capable  of  bong  developed 
and  implemented.  Staff  personnel  who  are  responsible  for  making  decisions  based  on  the  results  of  the  simulations 
should  be  involved  so  as  to  define  their  specific  requirements. 
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•  CONSORTIUM  ORGANIZATION 

The  organization  of  the  consortium  is  the  next  step.  The  authors  have  found  that  vendor  companies  that  compete  head- 
on  can  work  together  jointly  in  these  technology  development  programs.  However,  it  often  requires  a  third  party  to 
bring  the  right  people  together.  The  consortium  roust  have  a  central  organizer  to  manage  the  Tinanciai  and  technical 
program  aspects.  This  central  organizer  should  develop  master  task  lists  from  consortium  input,  conduct  voting  to  prioritize 
development  effort  and  then  manage  the  development.  In  general,  each  consortium  member  has  specific  tasks  such 
as  testing,  QA,  etc.  Frequent  communication  among  consortium  members  is  a  requirement  for  success. 

•  TECHNICAL  PLAN 

The  creation  of  an  effective  plan  forms  the  framework  of  subsequent  technical  development.  In  general,  manufacturing 
processes  are  extremely  complex  and  simplifying  assumptions  must  be  made  in  order  to  simulate  a  process  in  reasonable 
time.  The  technical  plan  defines  the  major  phases  and  sub  tasks  that  are  used  to  track  and  control  the  program.  Key 
elements  of  any  effective  plan  should  include; 

-  Use  of  existing  commercial  or  public  domain  software 

-  User  friendly,  consistent  user  intertace 

-  Adaption  and  enhancement  of  existing  software 

-  Parallel  development  of  software,  testing  and  database 

-  Computer  hardware  issues  can  be  a  problem.  In  general,  the  a.iihors  have  found  that  most  consortium  members 
have  or  can  easily  obtain  VAX  computers.  This  common,  readily  available  CPU  makes  software  upgrading  easy  and 
allows  for  easy  use  of  a  wide  variety  of  available  software.  This  would  not  be  the  case  for  special  computers. 

•  TASK  ASSIGNMENT 

As  mentioned  before,  each  member  of  the  consortium  should  have  well  defined  tasks.  In  fUis  mann  -s  the  members 
feel  like  they  have  ownership  of  the  results. 

•  TECHNOLOGY  DEVELOPMENT 

The  actual  development  and  enhancement  of  the  software  and  testing  is  now  carried  out.  Monthly  meetings  and  status 
reports  are  held  to  review  progress  and  monitor  /  guide  this  development . 

•  DATABASE  GENERATION 

The  building  of  databases  is  an  ongoing  process.  The  materials  database  is  required  to  run  the  simulations.  Tabular 
data  can  be  entered,  curve  fitted  and  plott^.  A  wide  variety  of  other  options  are  available.  Other  data  bases  can  include 
3-D  part  geometry  solids  models  and  part  features.  Unite  element  models  and  others. 

•  QUALITY  ASSURANCE  /  VALIDATION 

QA  involves  both  software  bug  QA  as  well  as  accuracy  validation  of  the  software  as  compared  to  measured  test  results, 
^ftware  QA  involves  running  a  wide  variety  of  sample  problems  that  exercise  all  the  features  of  the  program .  Program 
accuracy  validation  involves  comparing  lest  results  to  actual  test  parts  run  on  the  shop  floor.  This  validation  work  pro¬ 
vides  information  on  how  much  the  software  can  be  trusted.  In  the  forging  area  in  one  case  experienced  forging  engineers 
predicted  that  the  hub  area  would  (ill  first,  then  the  rim  area.  Both  ALPID  and  test  results  indicated  the  opposite. 
After  this  validation,  the  experienced  forgers  trusted  the  simulation. 

•  DOCUMENTATION  /  TRAir.ING 

Documentation  should  include' both  monthly  /  periodic  progress  reports  as  well  as  final  project  report  describing  all 
the  technical  details  of  the  program  as  well  as  problems  completely  worked  so  a  new  user  can  follow  through  a  problem. 
Training  classes  specifically  for  the  new  software  should  be  held  for  two  to  three  days  with  on-site  follow-up  visits  as 
required. 

•  HOTLINE  SUPPORT 

Support  personnel  must  be  available  to  assist  users  in  the  application  of  new  tools  especially  during  the  first  applications. 

•  CONTINUING  ENHANCEMENTS 

Once  the  initial  software  is  completed  and  users  begin  to  apply  the  software  to  real  world  problems,  additional  enhance¬ 
ment  will  be  identified.  The  authors  have  found  that  the  consortium  normally  continues  to  enhance  technology.  System 
improvements  requests  are  a  means  to  communicate  problems  and  questions  for  resolution. 

•  USERS  GROUP  /  WORKSHOPS 

User  groups  have  been  found  to  be  an  excellent  way  of  communicating  technical  approaches  and  for  defining  new 
enhancements  required  in  the  software. 

Other  requisites  for  successful  implementation  are 

-  Ongoing  management  involvement  in  the  project 

-  A  partnership  relationship  between  users,  and  consortium  members  at  several  levels  of  responsibility 

-  Real  time  computing  skills 

Technology  transfer  requirements  range  from  training,  user  group  support  and  implementation  support.  The  objective 
is  to  bridge  the  gap  between  research  and  development  and  the  manufacturing  community’s  acceptance  and  support. 
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EXAMPLES  OF  MANUFACTURING  PROCESS  SIMULATIONS  A  TECHNOLOGY  IMPLEMENTATION 

To  illustrate  the  state-of-the-art  in  manufacturing  process  simulations,  the  following  examples  in  forging  and  heat  treatment 
are  described  in  detail.  Figure  17  illustrates  some  of  the  areas  that  process  simulations  have  been  developed  for  or  are  being 
considered.  The  approach  in  developing  and  implementing  this  technology  has  been  shown  earlier  in  Figure  1 1 . 
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Figure  17 

Unit  Manufacturing  Processes  at  Vendor  Sites 


FORGING  PROCESS  SIMULATION 

The  key  to  improving  the  forging  design  process  -  and  hence  to  meeting  the  business  challenges  of  lower  cost  and  higher 
productivity  -  is  in  understanding  exactly  what  happens  in  a  given  process.  Computer  models  provide  the  necessary  information. 

The  actual  trial  work  of  modifying  forging  die  and  preform  geometry  can  be  significantly  reduced.  ALPID,  (Analysis  of 
Large  Plastic  Incremental  Deformation)  a  Ftnite  element  software  program  developed  by  the  United  States  Air  Force'”  pro¬ 
vides  an  efficient  and  economical  simulation  of  the  forming  process.  Currently  available,  the  ALPID  program  examines 
two-dimensional  geometries  of  visco-plastic  materials  and  the  analysis  provides  vital  data  on  load  displacement  relation¬ 
ships,  metal  flow  and  local  process  variables  such  as  strain,  strain  rate,  stress  and  temperature  distributions.  One  can  then 
determine  a)  whether  a  part  can  be  formed  without  internal  and  external  defects  and  b)  the  distribution  of  local  material 
properties  and  microstructure  at  different  regions  in  the  formed  part.  ALPID  also  makes  it  possible  to  evaluate  die  stresses 
and  deflections  using  standard  elastic  or  elastic-plastic  stress  analysis  programs. 

ALPID  characterizes  the  intrinsic  workability  of  the  workpiece  material  so  that  deformation  rates  and  temperatures  are 
readily  identified.  Under  these  specific  conditions,  called  a  'processing  window’,  materials  can  be  fabricated  to  obtain  the 
fewest  defects  and  best  material  characteristics  possible  for  the  material.  The  analysis  produces  material  maps  which  can 
be  used  to  define  the  process  control  algorithm. 

Enhancements  of  the  ALPID  program  have  been  underway  since  1984  at  Structural  Dynamics  Research  Corporation  (SDRC), 
under  the  sponsorship  of  OE  and  its  forging  vendors.  These  enhancements  have  improved  the  program's  user-friendliness. 
They  have  introduced  automatic  remeshing,  defect  tracing  throughout  the  forging  process  thermal  capability  for  non-isothermal 
forging  process  and  a  relational  data  base  for  storing  descriptions  of  material  properties. 

A  second  program,  for  heat  treatment  simulation  called  NIKE-C,  predicts  transient  temperatures  and  resulting  thermal  stresses, 
and  distortions.  It  also  predicts  sag  of  the  workpiece  in  the  heat  treating  furnace  and  the  potential  for  cracking  of  workpieces 
during  furnace  heat-up  and  subsequent  quenching.  The  ability  to  predict  such  events  is  needed  to  address  the  increasing 
difficulties  encountered  in  heat  treating  neamet  shapes  in  new  materials,  such  as  titanium  aluminide  and  some  varieties  of 
Rene  95,  which  are  prone  to  quench-cracking.  NIKE-C  is  based  on  the  public  domain  programs  NIKE  and  TOPAZ  developed 
by  Lawrence  Livermore  Laboratories.  Like  ALPID,  NIKE  S  TOPAZ  have  been  further  developed  by  SDRC  under  the  spon¬ 
sorship  of  GE  and  its  forging  vendors. 
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Since  simulation  reduces  costly  shop  floor  experimenution,  this  leads  to  reduced  manufacturing  costs,  shorter  lead  times 
improved  proc^  controls  and  better  prediction  of  properties.  Role  and  scope  of  process  simulation  in  forging  process  design 
and  Its  control  IS  shown  in  Figures  18  and  19.  sunsH-occssucsign 


Figure  18 

Forging  Process  Sequence 


-  Feedback 


Figure  19 

CAE  Approach  to  Forged  Component  Development  and  Production 
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AtPID  AND  NIKE-C  AT  WORK 

Many  GE-Aircraft  engine  parts  have  now  been  modeled  to  predict  metal  flow  and  die  filling  patterns,  the  influence  of  dif¬ 
ferent  preform  shapes,  the  strain  (or  total  work)  distributions  in  the  finished  forging,  and  die  loads  for  die  stress  analysis. 
The  simulations  have  shown  areas  of  potential  defects  or  forging  problems,  and  the  flow  patterns  have  revealed  the  design 
of  better  preform  shapes. 

The  application  of  ATPID  to  a  compressor  disk  forging  is  illustrated  in  this  example.  The  work  was  done  at  G£-A£  and 
one  of  its  forging  vendo^s^^^ 


Axlsymmethc  Section 


Figure  20 

Figure  Showing  the  Starting  Billet  Shape  and  the  Forged  Compressor  Disk 


Similarly  many  other  critical  rotating  parts  have  been  simulated  at  GE-AE  and  forging  vendors  to  design  the  process  at 
the  front  end,  solve  shop  problems  and  improve  product  quality. 

The  results  of  modeling  the  disk  provide  a  good  example  of  the  ways  modeling  can  improve  the  forging  process. 

Figure  20  shows  Che  mesh  of  alternating  colors  representing  the  original  billet.  Since  the  billet  is  symmetrical,  only  one  half 
is  shown  here.  The  final  machined  part  is  shown  in  Figure  2J.  The  deformation  of  the  orginal  mesh  to  the  final  forged 
shape  is  shown  in  Figure  22.  The  arrows  in  Figure  23  depict  the  predicted  direction  of  metal  flow.  The  flow  lines  provide 
information  for  optimizing  the  ultrasonic  inspection  plan  for  the  finished  part. 
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~  Figure  21 
Finished  Compressor  Disk 


In  addition  to  flow  pattern  and  defect  movement,  the  finite  element  model  provided  complete  information  on  the  distribu¬ 
tions  of  other  quantities  of  interest  such  as  ^stribution  of  hydrostatic  pressure,  totai  effective  strain,  the  effective  stress, 
and  the  maximum  shear  stress  in  the  rmished  forging.  It  is  desirable  to  have  a  compressive  hydrostatic  pressure  to  prevent 
cracking,  and  the  model  showed  the  needed  pressure  everywhere  except  at  the  flash  area,  which  is  discarded  in  any  event . 
The  strain  distribution  indicates  the  amount  of  working  the  different  regions  of  the  forging  undergo,  and  in  this  model 
strain  is  within  specifications  for  the  compressor  disk. 
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PROCESSING  WINDOW  A  DYNAMIC  MATERIAL  MAPS 

From  the  ALPID  output  display,  the  forging  engineer  can  determine  if  the  die  has  filled  without  defects,  if  the  forge  press 
is  sized  correctly  for  the  process  and  if  the  proper  processing  window  (temperature  and  strain  rate)  has  been  reached  to 
achieve  the  desired  quality  levels.  ‘Processing  windows’  have  been  defined  for  selected  materials  that  result  in  the  desired 
matmal  microstructure  as  illustrated  in  Figure  24  for  Ti-4i242 if  the  workpiece  temperatures  and  strain  rates  are  held 
within  the  specified  limits  as  predicted  by  ALPID.  the  desired  material  microstructure  will  result.  Changes  in  blocker  shape 
Md  process  parameters  can  be  evaluated  with  the  ALPID  simulation  until  an  accepuble  process  is  developed.  Such  process¬ 
ing  maps  have  been  developed  by  QE-AE  and  its  forging  vendors  for  several  of  the  alloys  used  in  the  jet  engines. 
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Figure  24 

Typical  Material  Map 


DIE  STRESS  ANALYSIS 

Working  from  the  ALPID  generated  forging  forces,  the  forging  engineer  next  designs  the  die  and  evaluates  stresses  and 
deflection  to  insure  the  die  will  withstand  the  forging  loads.  From  a  stored  solid  model  library  of  die  blanks,  the  die  geometry 
can  quickly  be  designed  by  Boolean  operations  in  the  3-D  solid  modeler  which  allows  a  user  to  subtract  the  part  geometry 
from  a  standard  die  block.  This  geometry  can  then  be  used  to  create  the  NC  commands  to  machine  the  die.  An  analysis 
of  the  (he  is  then  carried  out  with  resulting  stresses  and  deflections  presented  to  the  user  as  illustrated  in  Figure  2S.  For 
an  elastic-plastic  die  analysis,  ANSYS  or  NIKE*”  programs  can  be  used. 


Figure  2S 

Die  Analysis  Results 
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HEATUP  AND  QUENCHING  SIMULATIONS 


The  maoufacturiiig  engjoeer  next  tpedlies  the  heat  treating  process  for  the  forged  part.  Often,  near  net  shaped  parts,  such 
as  turbine  disks,  fail  during  the  beat  treat  because  of  high  thennal  stresses  develop^  during  quenching  or  through  sagging 
during  furnace  heatup.  As  shown  in  Figure  26,  thin  and  thick  areas  in  a  part  cool  at  different  rates  which  can  produce  very 
high  stresses.  If  problems  are  predicted,  the  part  shape  or  process  can  be  altered  to  avoid  scraped  parts. 


Figure  26 

Typical  Near  Net  Shapes 

For  this  simulation,  the  TOPAZ  heat  transfer  program  (used  in  forging)  was  coupled  with  the  NIKE  structural  analysis 
programs  to  simulate  the  furnace  heatup  and  quenching  process.  During  workpiece  quenching,  a  steam  or  gas  blanket  develops 
around  the  part  that  controls  heat  transfer  to  the  quench  media.  As  the  part  temperature  drops  the  steam  or  gas  blanket 
thickness  changes,  and  the  surface  film  coefficients  change.  These  temperature  dependent  film  coefficients  can  be  determin¬ 
ed  experimentally  by  quenching  an  instrumented  simple  cylinder  and  computing  the  surface  film  coefficients  with  an  inverse 
heat  transfer  code.  These  surface  flim  coeffldents  are  then  input  to  the  coupled  heat  transfer  /  mechanical  simulation  pro¬ 
gram.  Both  stress  and  distortion  due  to  creep  in  the  furnace  during  part  hratup  and  during  quenching  are  predicted  and 
displayed  to  the  user  as  graphical  output  as  shown  in  Figure  27. 
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This  simulation  is  beinc  used  by  a  number  of  different  forfiog  vendors  as  shown  in  Figure  28.  Real  world  parts  are  now 
being  analyzed  with  the  Heat  Treat  Simuladoo  Program. 


Figure  28 

An  Engineer  at  a  Forging  Vendor  Using  a  Computer  Terminal,  Simulating  Heat  Treatment 


LESSON  LEARNED  FROM  CONSORTIUM 

After  participating  in  a  number  of  development  consortiums,  several  significant  lessons  have  been  learned.  These  include; 

(1)  Set  reaUstic  goals 

UnreaUstically  high  goals  can  sometimes  be  set  that  result  in  incomplete  programs.  It  is  better  to  start  with  a  series 
of  smaller  programs  that  are  incrementally  developed  and  implemented. 

(2)  Make  management  support  evident 

Everyone  on  the  team  must  be  aware  that  management  stands  behind  the  project  and  will  provide  the  resources  necessary 
to  make  it  a  success.  Ongoing  management  involvement  is  required. 

(3)  Put  a  Champion  in  Charge 

There  should  be  a  person  in  the  company  who  understands  and  promotes  the  technology  and  is  able  to  impart  his  /  her 
enthusiasm  to  other  members  of  the  implementation  team.  A  champion  will  see  the  project  through,  against  all  obstacles . 

(4)  Get  the  Affected  Departments  on  the  Team 

The  implementation  team  should  have  p^dpation  from  R8lD,  manufacturing,  industrial  engineering,  quality, 
metallurgy,  tooling,  management  information  system,  design  engineering  etc.  Also  include  system  users  on  the  team. 

(3)  Financial  Commitment 

Development,  training  and  implementation  of  a  new  technology  like  manufacturing  process  simulation  cannot  be 
done  on  a  shoestring  budget.  Taking  current  staff  out  of  day-to^y  problem  solving  is  required  to  effectively  train 
them.  Hardware  investments  in  computers  and  terminais  will  requir^.  Initially,  it  will  seem  that  traditional  m^ods 
are  more  effective,  but  as  each  new  manufacturing  problem  is  solved  using  process  simulations,  the  pay  off  will  in¬ 
crease  until  the  old  traditional  methods  are  discarded. 

(6)  Not  Invented  Here  (NIH)  Syndrome 

Consortiums  don’t  work  well  with  individuals  that  always  want  to  develop  technology  in-house.  Consortiums  are 
best  suited,  when  technology  from  various  sources  are  brought  together,  interfaced  and  enhanced  to  create  new 
technology.  On  a  general  technical  basis,  the  consortium  members  must  work  together.  Naturally,  proprietary  infor¬ 
mation  and  company  specific  data  should  not  be  disclosed  or  distributed  to  the  consortium. 

(7)  Use  Best  Existitig  Technology 

Consortium  memben  expect  results.  The  authors  have  found  that  spendiiig  time  lewarching  the  best  available  technology 
and  putting  tocher  ‘modules’  of  technology  is  important.  DoD  programs.  National  Labs  and  Universities  are  all 
sources  of  basic  technology. 

(8)  Validation;  Use  Well  Defined  Examples 

Use  simple  problems  or  examples  for  simulation  validation  demonstratioos.  This  will  help  in  making  believers  out 
of  non  believers.  Also  work  with  people  slowly  to  create  confidence  and  change  philosophy  away  from  “we  have 
always  done  this  way”  or  “this  is  the  only  way  to  do  things”. 


CAE  IN  MANUFACTURING:  STATUS  OF  IMPLEMENTATION 

While  the  full  implementation  of  CAE  for  Manufacturing  engineering  is  a  major  undertaking,  there  is  a  phased  implementa¬ 
tion  approach  that  allows  for  orderly  building  and  transhioo  of  new  methods  into  an  organization.  The  key  is  to  not  wait 
but  to  start.  The  recommended  approach  of  getting  started  and  implementing  available  technoloiff  and  development  where 
appropriate  will  significantly  improve  productivity  and  advance  a  company  over  the  one  that  waits  for  the  entire  system 
*0  be  developed.  In  fact,  the  CAE  system  will  never  be  fully  developed  but  rather  will  evolve  and  be  enhanced  over  time. 
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A  suggested  phased  implementation  is  shomi  graphically  in  Figure  29.  This  approach  has  the  feature  that  benefits  results 
after  each  phase  of  unplementation  so  that  a  return  on  the  investment  is  realized. 


Benefits 


Figure  29 

Typical  Time  Phased  Implementation  of  CAE 


CAO,  CAM  and  Process  Control  tools  are  commercially  available  today.  Manufacturing  process  simulations  are  an  emerg¬ 
ing  technology  that  will  work  today  closely  with  controls  to  permit  intelligent,  real  time  response  to  changes  on  the  shop. 
In  addition,  process  simulation  will  interface  with  Expert  S^em  which  initially  recommend  a  procesa^  scheme  that  is 
evaluated  by  the  simulation  with  results  presented  to  a  diagnostic  Expert  System  for  process  optimization. 


The  application  of  CAD  /  CAM  /  CAE  is  becoming  more  widespread  in  forging  and  casting  industries.  Computer  simula¬ 
tion  of  forging,  die  fill,  die  stress  analysis  and  workpiece  heat  treating  (that  predicts  the  transient,  non  linear  temperature 
and  stresses  in  the  workpiece  during  furnace  heat-up  and  subsequent  quenching)  will  become  a  way  of  life.  Aircraft  jet  engine 
manufacturers  including  GE-AE  have  now  started  requiring  process  simulation  for  selected  critical  forged  rotating  parts 
(such  as  engine  disks)  from  the  forge  companies  that  are  bidding  on  these  parts.  The  simulation  information  must  cover 
such  processes  as  forging  and  heat  treating. 

As  a  result  of  the  consortium  activities  at  GE-AE,  many  of  its  suppliers  /  vendors  have  been  able  to  implement  these  new 
process  simulation  tools.  Implementation  includes;  tool  development,  validation,  training,  generation  of  database  to  ex¬ 
ecute  these  tools.  As  a  result,  real  problems  are  now  being  solved. 

Process  simulation  tools  are  increasingly  being  utilized,  and  planned  upfront  for  alloy  development,  process  development, 
inspection,  process  control  and  quality  assurance.  Many  major  forgers  have  started  significant  activities  in  process  simula¬ 
tion  and  integrating  these  with  process  design,  equipment  and  process  control.  The  trend  is  that  technology  starts  at  one 
end  and  propagates  down  through  the  entire  industry. 

In  addition  to  the  investment  in  hardware  and  software  tools,  companies  most  also  make  an  investment  in  their  manpower 
skills.  Tins  investment  in  people  must  also  be  planned,  budgeted  and  managed  as  completely  as  the  investment  in  CAE  tools. 
Formal  training  sessions  with  user  and  technical  manuals  are  required  to  train  staff  in  Uw  use  of  the  new  CAE  tools. 

Even  the  most  skilled  people  and  the  most  advanced  tools  must  be  applied  correctly  to  the  right  inoblems  to  achieve  effective 
results.  In  practice,  this  means  that  companies  must  focus  their  investments  on  strategically  important  problems.  This  focus 
must  come  from  Uk  combined  thinking  of  design  and  manufacturing  engineering,  research  and  market  planning  people. 
Real  gains  can  be  accomptisbed  through  a  wdl  balanced  mix  of  new  CAE  tools  and  management  techniques  integrated  into 
a  modern  manufacturing  management  system.  Achieving  concurrent  or  simultaneous  en^neering  means  altering  traditional 
organizational  approaches  to  design  and  manufacturing.  One  approach  is  to  create  project  oriented  teams  with  shared  data 
rather  than  maintaining  traditioDal  functional  lines  of  responsibility 

An  impoitant  management  consideration  in  implemeoting  the  CAE  system  for  manufacturing  is  that  the  current  organira- 
tion  will  need  to  change.*”  CAE  is  not  the  process  of  automatiiig  the  current  engineering  tasks  which  are  often  in  a  dif¬ 
ferent  time  sequence,  and  interface  with  different  groups  within  an  organization.  A  key  feature  of  the  new  approach  is  to 
spend  more  tinie  and  money  up-front  to  make  the  right  decisitnis  in  the  process  design  and  analysis  stage.  Managers  need 
to  resist  the  urge  to  rush  to  prototype  production  tbm  often  freezes  production  methods.  Design  and  manufacturing  engineen 
win  have  to  work  more  doteiy  together,  shrne  information,  and  more  importantly,  share  mistakes  with  each  other.  From 
mistakes  knowledge  can  be  gaii^  at  the  privacy  of  the  computer  terminal  rather  than  under  the  bri^t  lights  of  the  shop  floor. 
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The  payoffs  or  benefits  of  a  CAE  system  for  en^neermt  include: 
•  Reduced 

-  Lead  and  delivery  time 

-  Response  time  to  product  changes 

-  Trial-and-error 

-  Overall  costs 


•  Improved 

-  I^oductivity 

-  Surge  capability 

-  Material  and  equipment  utilization 

-  Process  and  pr^uct  characteristics 

-  Consistency  and  quality 

-  Inspection  procedures 

•  Higher  standardization  of  design  through  the  creation  of  a  computerized  central  data  base 

•  Process  knowledge  rapidly  gained  through  the  use  of  computer  simulations 

Based  on  the  experience  of  the  authors,  the  constant  dollar  cost  of  manufacturing  a  component  normally  drops  with  time 
as  improvements  are  made  and  experience  is  gained  as  shown  in  Figure  30.  With  the  use  of  CAE,  manufacturing  costs  fall 
much  faster  since  experience  is  gained  sooner  through  computer  simulations. 


Figure  30 

Cost  to  Develop  a  Component  Process  With  and  Without  CAE 

The  process  development  time  savings  potential  is  even  more  impressive  as  shown  in  Figure  31.  The  processes  of  the  future 
can  be  run,  evaluated  and  changed  through  process  simulations  today. 
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Figure  31 

Time  to  Develop  A  Component  Process  With  and  Without  CAE 
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IMTRODUCTlOli 


La  SNECMA  a  entrepria,  depula  environ  dlx  ana»  le  d^veloppeaent  de  prograanea  de  aod^llaatlon  de 
la  solidification  ^qulaxe  dea  aubea  de  turbine  en  auperalllagea  noul^s  soua  vide,  obbenuea  par  le 
proo4d4  de  fonderle  en  clre  perdue.  Ce  diveloppeasnt  faiaalt  partle  d*une  approche  globale  du 
proc4d^  visant  &  en  rddulre  le  caractAre  e^lrique  qul  ae  manlfestait  par  dea  taux  de  rebuta  de 
plAcea  pour  raiaona  n^tallurglquea  -  taille  de  grains,  aicroporoait^  ...  -  fluctuanta  ;  lea  causes 
de  cea  rebuta  n*apparalaaalent  pas  toujoura  clalrennt  et  ^talent  assignees  tant6t  A  la  oatlbre  de 
base  dea  plAces  et  done  au  choix  dea  alliages  ou  A  leur  Elaboration  dEfectueuae,  tantbt  A  une  miae 
au  point  dea  gauea  de  fabrication  Incorrecte  ou  trop  "senalble",  tant6t  A  une  aauvalae  applica¬ 
tion  de  cea  gaonea  en  atelier  par  suite  de  dErlvea  dea  Equipeaenta  ou  dea  pratiques  opE'^atolres. 

II  Etalt  eapErE  qu'une  approche  coobinant  : 

*  une  nellleure  conn^lsaance  dea  phEnonEnea  phyaico-chiniquea,  alora  mal  connua,  notamment  dea 
rEactiona  de  phase  se  produlsant  dans  1* intervene  de  solidification,  par  dea  Etudes  de  baae 
engagEea  par  allleura, 

-  la  oodEllaatlon  de  I'Evolution  thereique  et  du  dErouleoent  de  la  aolidif Ication  dans  lea  plEcea, 

pernettralent  de  earner  lea  causes  dea  fluctuations  de  la  qualitE  et  d'y  apporter  reniEde. 

Cette  approche  s'Etant  rEvElEe  fEconde,  SNECMA  I'a  Etendue  k  la  oodEllaatlon  de  la  aolidif icat. ion 
dirigEe,  puis  A  la  nodElisatlon  du  forgeage  et  du  traiteiaent  theroique  dea  piEcea  forgEea  en  se 
donr.ant  un  objectif  supplEoentaire  ;  celui  i'^wOnoiLiaer  aur  lea  cuOta  et  lea  dElaia  de  nlse  au 
point  de  plEcea  en  tlrant  parti  de  la  posaibilitE  de  aiauler  rapldement  1* Influence  de  diffErenta 
paraoEtrea  de  fabrication.  ConcrEteoent  cea  objectlfa  iDpliqualent  le  dEveloppement  de  modElea 
capablea  non  aeuleaent  du  calcul  dea  grandeurs  physiques,  telles  que  teopErature,  dEfornatlona, 
rempliasage  dea  ooules  et  oatrices  etc...,  oala  Egalenent  de  la  prEdictlon  dea  oicroatruotures 
(taille  de  grain,  sEgrEgations,  ...)  et  dea  paraoEtres  et  dEfauts  isEtallurglquea  (Ecroulsaage, 
p^oaitEa,  ...)  aaaoclEs. 

L'expoeE  qui  suit  ne  vise  pas  E  prEsenter  dea  logiciela  ou  dea  rEsultata  particullera ,  mala 
A  analyser  certalnes  dea  dlfficuItEa  rencontrEea  pour  disposer  d'un  outll  industriel  opEratlonnel, 

A  exasiner  conent  la  nodElisatlon  peut  s'insErer  dans  un  processus  industriel  de  niae  au  point  de 
piEces  et  d'une  oanlEre  gEnErale  A  lllustrer  I'intErEt  de  cea  nEthodes  en  forge  et  fonderle  de 
plEces  aEronautiquee  elle  a'adresae  tant  A  des  apEclaliates  travalllant  au  dEveloppement  de  codes 
de  calcula.le  plus  aouvent  en  nilleu  universltalre.qu*  A  dea  reaponaablea  Industrlela  confrontEs  A 
dea  problEnea  de  dEveloppenent  et  de  fabrication. 


L*0BTBm(R  DE  DOWSES  MATERIAVX 

Une  exploitation  rEaliate  dea  aodElea  de  aiaulai’lon  en  fonderie  et  en  forge  de  plEcea  aEronau- 
tiques  requiert  la  connaisaance  de  donnEea  theralquea,  ainai  que  du  conportemnt  nEcanlque, 
physico-chimique  et  aEtallurgique  dea  plEces  A  crEer  oala  ausai  des  aoules,  des  natrices  et  de 
leurs  interfaces.  Lea  tableaux  I  et  II  illuatrent  lea  principales  donnEea  nEcesaairea  A  une  modE- 
lisatlon  Etendue.  Get  aspect  de  la  oodEllaatlon  aouvent  considErE  a  priori  coaoe  trivial,  poae  des 
pr^lEoea  de  divers  ordrea  : 

-  une  partle  dea  donnEea  A  obtenlr  -  la  plus  petite  -  concerne  dea  grandeurs  bien  dEfinies  nesu- 
rEea  par  dea  oEthodea  claaalques  pour  leaquellea  lea  aeulea  dlfflcultEs  rencontrEea  trouvent 
leur  source  dans  lea  teopEraturea  en  gEnEral  ElevEes  en  cause  :  chaleura  naaiquea,  coefficients 
de  dilation  etc...,  de  oatErlaux  aolidea  hooo^ea  tela  que  lea  alllagea  A  couler  ou  A  forger, 
lea  oatErlaux  de  oatrices  ou  de  oouiea  ...Cea  teopEraturea  atteignent  couraonent  1500*C  en 
fonderle  de  auperalllagea  et  environ  1150*C  en  forge. 

MSoe  dans  cea  cas  sloplea,  la  perforoance  dea  oodAlea  eat  directeoent  llEe  A  une  rEflexion  dans 
la  prEparatlon  des  oesurea,  qui  dolt  s*appuyer  aur  une  bonne  connaisaance  du  prooEdE. 


21-2 


Ce  point  peut  6tre  illuatr4  en  fonderle  de  precision  par  le  cas  de  caract4rlatiquea  thermiquea 
dea  nat^iaux  r^fractairea  conatltuant  lea  loulea  carapacea  et  leur  eaballage  ;  cea  carapacea 
aont  r4alta4e8  &  partlr  d'un  eoplleaant  de  couchea  de  graina  de  c^raniquea  obtenu  par  dea  op4ra- 
tlona  aucceaalvea  de  treap4  en  barbotinea  et  de  aaupoudrage  qui  font  enauite  I'objet  d'un 
frittage  ;  la  atructure  r4aultante  eat  de  type  conpoalte  (cf  figure  1)  :  lea  deux  preai4rea 
couchea  Internea  du  K>ule  plua  r4fractalrea  et  de  atructure  plua  fine  que  lea  couchea  de  renfort 
conatituent  une  zone  de  faible  4palaaeur  (•  i  an)  par  rapport  k  I'^paiaaeur  dea  couchea  de  ren¬ 
fort  (•»  4  on)  et  dana  un  prealer  teapa,  cm  peut  fttre  tent4  de  n4gllger  cette  h4t4rog4n4lt4  par 
aoucl  de  alapllf  Icatlon  dea  aeaurea  (et  du  B0d4le) .  Or,  11  eat  connu  dea  pratlclena  que  la 
nature  dea  preal4rea  couchea  peut  con8ld4rableaent  Infiuer  aur  le  reapllaaage  dea  aoulea  et  aur 
lea  atructurea  adtallurglquea  flnalea  dea  pl^cea  ooul4ea.  De  fait,  dea  aeaurea  effectu4ea  k  la 
SNECHA  vlaant  k  caract4rlaer  theraiqueaent  dlffdrenta  typea  de  couchea,  aontrent  qu'on  peut 
avoir  dea  variationa  dana  un  rapport  l  k  4  entre  lea  conductivit4a  thermiquea  dea  dlff4renta 
typea  de  preai^rea  couchea  et  dM  4  2  entre  leura  diffuaivitda.  11  y  a  blen  lieu  de  consid4rer 
lea  carapacea  coaae  dea  aat4rlaux  coapoaitea  et  de  lea  caract4riaer  en  cona4quence  au  prix  de 
dlfflcult4a  exp4riaentalea.  L*lnt4rit  de  la  d4aarohe  de  aoddliaation  eat  dana  ce  caa  de  auaclter 
une  analyae  quantitative  du  rdle  de  paraafttrea  apprdhendda  Juaqu'alora  eaplrlqueaent.  Cette 
analyae  quantitative  peut  aervlr  enauite  de  guide. ^  une  4volutlon  ult4rleure  du  proc4d4. 

-  Une  aention  dolt  Atre  faite  dea  donn4ea  de  fonderle  concernant  le  a4tal  liquide,  caract4ri8- 
tiquea  thermiquea,  viacoaltd  ....  qui  coapte-tenu  dea  teap4raturea  en  cauae  poaent  de  grandea 
difficult4a  pratlquea  de  aeaure.  La  (mincipale  d'entre  ellea,  la  chaleur  latente  de  aolldifi- 
oatlon  peut  Atre  obtenue  en  exploitant  dea  rAaultata  d'anaiyae  thermique  dlff4rentielle.  Lea 
autrea  n4ceaaitent  dea  inatrumentationa  de  aoule  trAa  d4llcatea  et  onAreuaea  (cf  figure  2), 
voire  dea  aontagea  ap4cialia4a  d*exp4riencea  nAceaaitant  un  aatArlel,  dea  Aprouvettea  et  une 
technique  expAriaentale  dont  lea  dAlaia  d*acqulaltlon  ae  chiffrent  en  annAea. 

-  pour  certainea  donnAea  eaaentiellea,  lea  aeaurea  effectuAea  intbgrent  dea  phAnomAnea  complexea 

de  nature  hAtArogAne  :  leur  aignlf IcativltA  poae  alora  problAme.  Cet  obatacle  eat  renoontrA 
par  example  dana  la  priae  en  compte  du  frottement  en  forgeage  k  chaud  ;  lea  Abauchea  aont 
revAtuea  d'un  revAtement  protecteur  et  lubrifiant  qui  ae  dAforme  en  ooura  de  forgeage.  Dea 
coeffieienta  de  frottement  peuvent  Atre  meaurAa  par  le  "teat  de  I'anneau"  A  partlr  d'un  Acra- 
aement  qui  permet  de  auivre  I'Avolution  de  la  forme  d'un  anneau  rAallaA  dana  le  mAtal  k  forger 
et  revAtu  de  manlAre  reprAaentatlve.  Une  analyae  mAcanlque  de  cet  easai  montre  que  le  champ 
de  viteaaea  de  gllaaemant  et  de  contralntea  A  1* interface  anneau-matrlce  eat  fortement 

hAtArogAne  :  I'examen  d'anneaux  aprAa  forgeage  Indique  que  la  diatributlon  de  lubrifiant  eat 

elle  mAme  fortement  hAtArogAne  :  un  film  d'Apalaaeur  Intlale  uniforme  peut  conduire  A  dea 

xonea  de  contact  aec  volalnea  de  zonea  avec  accumulation  de  lubrifiant  (cf  figure  3).  La 

meaure  du  coefficient  de  frottement  ne  donne  acoAa  qu'A  une  expreaaion  moyenne  de  oe  co^or* 
tement.  On  peut  penaer  que  I'incidence  de  cette  approximation  aur  dea  grandaura  tellea  que 
1 'effort  de  forgeage  sera  faible.  male  qu'en  revanche  la  prAcialon  dea  Acoulemanta  at  dea 
oontraintea  looalea  dana  certalna  zonea  da  aingularitA  de  forme  aouvent  aaaoclAea  A  la  forma¬ 
tion  de  dAfauta  pourra  Atre  bialaAe.  II  eat  clatr  qu'ii  n'exiete  pea  de  eolution  almple  aatla- 
falsant  A  ce  problAma  ;  une  rAflexion  aur  la  reprAaentativitA  dea  donnAea  matArlaux  doit  dana 
oe  oaa  Aclalrer  aur  lea  llmitea  du  modAle. 

-  lea  dcmnAea  relatives  A  le  prAdlotlon  dea  atructurea  et  dea  dAfauta  mAtallurglques  qui  conatl- 
tue  un  dea  objectifa  Important  dea  modAles  en  forge  et  en  fonderle,  aont  lea  plua  dlfficllea  A 
Atablir.  En  fonderle  d'aubee  de  turbine,  lea  atructurea  mAtallurglques  dApendent  dea  para- 
mAtrea  thermiquea  locaux  en  ooura  de  aolidlf icatlon,  gradient  et  vlteaae  de  aolidlfioatlon, 
maoriaia  H  faut  ajouter  en  fonderle  Aquiaxe  I'efficacitA  dea  germlnanta.  Bn  forge,  ellea  aont 
dAterminAea  par  lea  structures  mAtallurglques  Initiales  at  le  chemln  thermo-mAoanlque  local 
Juaqu'au  refroidlaeement  aprAa  forgeage  ;  dens  ce  dernier  caa,  la  microatruoture  "InatantanAe" 
peut  rAglr  le  comportement  mAcanlque  du  matArlau  de  manlAre  aufflaament  sensible  pour  qu'ii 
aoit  utile  de  oonaidArer  le  couplage  entre  cea  deux  facteura.  En  caa  de  couplage  fort  cette 
prise  en  oompte  devient  indlapenaable.  Mime  dana  le  caa  d'une  microatruoture  peu  Avolutive  on 
conqoit  que  dana  ce  caa  lea  donnAea  mmtAriaux  dolvent  Itre  oonstituAea  d'enaemblea  oomplexea 
Incorporant  de  nombreuaea  Informatlona  de  caractAre  semi-empirique  et  de  loia  physiques.  S' 11 
n'y  a  pas  de  couplage  entre  la  microatructure  at  lea  phAnomAnea  slmulAs  dana  le  modAle  de 
base,  on  a  intArAt  A  diaaocler  cee  aapects  de  prAdlotion  de  mlcroatnicturea  et  dea  dAfauta  qui 
demaurent  aujourd'hui  aouvent  rudimentaires,  dana  dea  annexes  ou  dea  aoua-programmaa  du  modAle 
de  base. 

On  retiendra  de  cet  examen  dea  doimAea  matArlaux  nAcesaairea  A  la  modAllaatlon  que  lee  Atudee 
viaant  A  leur  obtentlon  constituent  une  tAche  eaaentielle  dont  le  coOt  sera  au  molna  Agal  A  celul 
de  la  crAatlon  dea  prograMes  de  calcul  A  la  base  du  modAle.  La  rAflexion  aur  cee  programmes  doit 
itre  menAe  par  dea  ingAnleura  ayant  une  bonne  oonnalaaanoe  dee  prooAdAa  modAliaAs.  Cette  rAflexion 
quand  elle  eat  blen  menAe,  permet  de  earner  certainea  llmitea  dea  modAles  :  une  dee  premiArea  ap¬ 
plications  de  oeux-cl  conslate  d'allleura  A  rAellaer  dea  teats  de  aenalbllltA  aux  donnAea  matA- 
riaux  afin  de  dAterminer  oh  dolvent  porter  lea  efforts  de  oaractArlsatlon. 


3.  VARIABILITB  ET  COMPUXITB  DU  PROCPg 


Lea  ooncepteurs  de  modAles  viaent  en  gAnAral  A  la  prise  en  compte  la  plua  Atendue  possible  dea 
phAnomAnea  physiques  Intervenant  dana  le  prooeaaua  slwlA  dans  un  aoucl  d'sxactltuds  st  ds  prAci- 
sion  dss  prAvlsions  :  11  convlsnt  toutefols  ds  blen  rAaiiser  qu'une  modAllsatlon  eat  une  approxl- 
nstlon  issue  de  cholx  qui  ne  aont  pas  toujours  satlsfalsants,  valable  dans  dss  conditions  qui 
peuvsnt  itrs  Atroltss. 
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L'lngtoleur  d'4tude8  de  proc4d4a  aouclaux  d'effectuer  une  mod^llutlon  r^allste  rencontre  souvent 
des  dlfficulc^e  dans  le  choix  dee  conditions  Inltialee  et  aux  Hal  tee  et  dans  1 'Evolution  de  ces 
dernidres  dans  le  teaps  ;  oee  dtffloult4s  peuvent  provenlr  de  deux  sources  : 

'  I'une  reside  dans  la  variability  des  conditions  rdellee  dane  leequelles  sont  effectu4es  cer- 
talnes  op4ratlons»  cette  variability  dtant  g4n4raleBant  estlB4e  adsiseible  voire  ln4vitable  par 
lee  pratloiens  en  I'dtat  de  l*art  du  proc4d4. 

-  l*autre  provlent  de  la  co^lexitd  de  certalnes  phases  du  processus  qul  peut  rendre  leur  nod4- 
lisatlon  peu  pratlcable  ou  non  flable  et  done  inciter  k  une  siaplif Icatlon  abusive  du  aodkle. 

Ces  deux  points  peuvent  ktre  illustr4s  par  une  discussion  sur  le  choix  de  I'origine  des  teiq>s  et 
des  conditions  inltialee  en  solidification  dquiaxe  d*aubea  de  turbine.  Dans  ce  proeddd,  les  aoules 
sont  prd-chauffds  dans  un  four  k  I'air  k  tsie  teapdrature  gdndraleaent  coaprlse  entre  900*C  et 
1100*C,  puis  transfdrds  au  travers  d*un  sas  dans  une  enceinte  sous  vide  ob  la  coulde  a  lieu.  Le 
teaps  s'dcoulant  entre  la  sortie  du  aoule  du  four  de  prdchauffe  et  le  ddclencheaent  de  la  coulde 
propreownt  dite  est  de  I'ordre  d'une  ainute  aais  peut  verier  de  plusleurs  disaines  de  secondes  : 

-  certaines  opdrations  dldaentalres  du  transfert  sont  assurdes  manuelleaent  par  un  opdrateur  et 
done  sujettes  k  variabilitd. 

*  le  ddclencheaent  de  la  coulde  n'est  effecUid  qu'aprks  atteinte  d'un  certain  noabre  de  condi- 
t  Iona 

.  niveau  de  vide  dans  1 'enceinte  de  coulde, 

.  niveau  de  teapdrature  du  adtal  liquids  ... 

elles  adaes  sujettes  k  des  variations  pour  de  aultiples  causes. 

La  teapdrature  effective  du  aoule  au  aoaent  de  la  coulde  ddpend  des  aldas  aentionnds  ci-dessus.  La 
coulde  propreaent  dite  est,  elle,  un  processus  autoaatique  dtrolteasnt  contrMd  en  durde  (de 
I'ordre  de  quelques  dixikaas  de  secondes),  et  en  ddblt  Instantand,  les  fondeurs  sachant  que  la 
Boindre  variabilitd  k  ce  stade  peut  se  tradulre  par  des  ddfauts  Inacceptablea  de  reoplissage  du 
aoule. 

Les  conditions  pratiques  de  la  coulde  dtant  celles  que  nous  venons  de  passer  en  revue,  il  fact 
s'lnterroger  sur  la  faqon  de  les  intdgrer  dans  un  aodkle  de  solidification.  Le  aoaent  de  la  sortie 
du  aoule  du  four  de  prdchauffe  est  celul  o6  Is  aoule  dtant  k  une  teapdrature  unlforae  spdeifide, 
lea  conditions  inltialee  sont  lea  aieux  ddflnles.  Ddasrrer  la  slaulatlon  k  ce  stade  requlert  tou- 
tefols  de  aiauler  un  processus  de  refroidisseaent  du  aoule  dans  I'air  puls  sous  vide,  done  b'en 
spdeifier  la  durde,  puls  k  partlr  du  cheap  de  te^>dratures  hdtdrogknes  obtenue,  de  siauler  le 
reapliaaage  du  aoule  par  le  ^tal  liquide. 

Or  ce  processus  sst  trks  ooaplexe  :  la  gdoadtrle  des  cansux  dans  lesquels  s'dcoule  le  adtal  est 
coapliqude,  leur  section  peut  dtre  fslble,  et  les  dcouleaents  ont  lieu  en  parallkle  coapte  tenu  de 
la  aultiplicitd  4es  amendes  de  adtal  qu'll  est  en  gdndral  ndeessaire  de  adnager  sur  une  adae 
pikoe.  D'autre  part  les  dchanges  therelques  au  cours  du  reapllssage  peuvent  dtre  ddteralDsnts  pour 
I'dcouleeent  propreaent  dlt  :  la  diffdrence  de  teopdratures  entre  aoule  et  adtal  liquids  eat  de 
plusleurs  centalnes  de  degrds,  ces  teapdratures  respectives  se  sltuant  de  part  et  d'autre  de 
I'intervalle  de  solidification  ;  lea  flux  extraits  k  le  parol  du  aoule  sont  done  relatlveaent 
Ipportants  ;  coapte  tenu  des  vltesses  d'doouleaent  du  adtal  liquids  et  de  la  falblesse  des 
sections  des  oanaux,  I'extraction  de  chaleur  en  parol  influe  trks  notableaent  sur  I'dvolution  de 
teapdrature  du  adtal  et  sur  sa  viscositd. 

Dans  ces  conditions,  un  calcul  avec  couplage  hydrodynaalque  et  theralque  s'avkre  trks  ddlicat  (ce 
qul  n'est  pas  le  cas  pour  des  pikees  de  plus  grandee  dlaensions  ou  de  gdoadtrles  aoins  complexes). 
Ces  considdrations  condulsent  k  prendre,  pour  orlglne  du  te^)8  de  la  slaulatlon,  la  fin  du  rea- 
plisssge  du  aoule.  Un  chaap  ooaplexe  de  teapdratures  inltialee  doit  alors  dtre  spdcifld  ;  ll  pen*- 
blen  sQr  dtre  obtenu  par  instruaentation  de  aoules  en  fonderie,  asls  cecl  est  contradictoire  avec 
I'objectlf  d'dconoales  sur  la  durde  et  le  coQt  de  la  alee  au  point  et  ne  peut  dtre  rdallsd  que 
dans  quelques  expdriences  dont  les  rdsultats  dolvent  dtre  transposds  k  d’autres  configurations. 

Que  peut  done  apporter  la  aoddlisation  dans  un  tel  oas  7 

-  tout  d'abord,  un  effort  d'analyse  des  conditions  rdelles  d'opdratlon  en  atelier  (et  non  celles 
des  gaaaes  spdcifldes)  afln  de  ddterainer  les  sdquences  du  processus  qul  ssront  aoddlisdes  et  de 
leur  spdeifier  des  conditions  tnitiales  et  aux  lialtes. 

-  la  possibilltd  d'effectuer  des  slaulatlons  de  1* influence  des  conditions  Inltlsles  et  aux  11- 
Bitea  qul  peraettent  d'analyser  les  adosnlsaes  de  variations  dans  les  perforasnees  du  proeddd  ; 
dans  1 'example  prdoddent  on  pense  sux  cha^>8  de  teapdratures  initiales  que  des  aesures  en 
atelier  peraettent  de  assurer  en  fonctlon  du  te^ps  de  transfert  entre  four  de  prdchauffe  et 
ddbut  de  la  coulde, 

-  enfln,  une  inoltatlon  pulssante  k  une  asllleure  ddfinltlon  des  conditions  opdratoires  en 
atelier,  rdallsde  au  aieux  par  I'i^lantstlon  d'outlls  autoaatisds  dont  les  paraaktres  de  fonc- 
tlonneaent  solent  surveillds.  Les  rdsultats  de  slaulatlon  constituent  des  arguaents  particullk- 
reaent  convalncsnts  dans  la  assure  ok  11s  offirent  la  possibilltd  d'lsoler  I'lnfluence  de  causes 
partlcullkrea. 


UPUSmiLlSATlOM  MS  WOPSLBS 


Un  Maaen  de  l'lnt4r%t  k  tranaforaar  m  aodKe  en  outll  optfratiun..al  <iana  un  contexte  d«  produc¬ 
tion  paaoa  un  bref  rappal  du  procaaaua  d«  preparation  at  da  alaa  au  point  dea  gaanaa  da  fabri¬ 
cation,  daa  dlffloultea  operationnallaa  rancont^aa  at  daa  condltlona  lapoa^aa,  difflcultea  at 
oonditlona  apdclflquaa  du  oaa  pratiqua  qui  aa  poaa  at  qua  noua  illuatrarona  par  daa  exaqplaa  tlr^a 
da  la  forga  at  da  la  fonderia  da  precision  da  plbcaa  da  aotaurs  aeronautiquaa . 

-  Frocaaaua  da  alas  au  point  daa  gina 

La  aattaur  au  point  a  un  objactlf  general  -  derinir  das  conditions  da  fabrication  econonlquas  da 
piecas  repondant  aux  specifications  du  client  qul  doit  condulra  e  deux  rdsultats  :  la  deasln 
d*outlllagaa  (aoulas  da  noyaux  at  d'injactlon,  da  clras,  aatrlcas  da  forga  ...)  at  la  definition 
du  prooaaaus  opdratolra  at  das  paraabtraa  da  fabrication  associes. 

Las  specifications  concarnant  la  geoaetria  das  plbcas  e  obtanir  ainsi  qua  laur  quallte  oetallur- 
glqua  :  salon  la  typa  da  pieca  li  produlra  I'aocant  paut  §tra  r^ls  sur  I'un  ou  I'autra  da  cas 
aspects  : 

.  En  fondarla  d'aubas  da  turbine,  la  valne  das  aubas  at  leurs  cavltes  Intarnas  la  cas  echeant, 
sent  obtMuas  dlractaaant  an  fondarla  avac  da  grandas  exigancas  da  precision  (tolerances 
d’anvlron  ±  0.1$  m  pour  I'anvaloppa  da  la  pibca)  s  las  exigences  da  quallte  oetallurgiqua  sont 
egalaasnt  severas  au  aoins  pour  las  aubas  soblles  trbs  solllciteas  :  alias  concarnant  la  struc¬ 
ture  crlstalllna,  la  tallla  das  grains  an  fondarla  equlaxa.  la  distribution  da  aicroporoslte, 
evantuallaaant  la  distance  antra  branches  da  dendrites  sacondairas,  I'abaenca  da  ailcrof Isauras 
da  ratrait  e  chaud  ...  at  dans  cas  conditions.  I'lntervalla  adsisalbla  da  conditions  da  coulee 
ast  souvant  etrolt. 

.  En  forge  da  precision, lea  d^fauta  sont  plutdt  associes  e  la  geosetrla  das  pieces  at  e  la  rapro- 
ductlblllte  das  tolerances  dlBansionnallas  specifieas  par  las  aerodynaalclans  :  La  naltrlsa  da 
la  foraa  depend  antieraasnt  du  forgaron  tandis  qua  la  quallte  setallurgiqua  das  pieces  results 
largaaant  da  callas  das  daal-produits  approvislonnes  par  la  forga. 

.  En  forga  da  grosses  pieces  (dlsquas  ...)  las  exigences  sont  assentlallaBient  d'ordre 
a^tallurgiqua.  consequence  da  l*etroita  relation  entre  las  caracterlstlquas  oiecanlques  accep- 
tables  at  la  structure  netallurglque  de  cee  pieces  :  on  cherche  e  optiniser  des  structures 
adtallurgiquas  gsrsntes  de  durdes  da  vies  at  dependant  etroltaaent  das  conditions  de  forgaage. 
Cas  pieces  sont  toujours  entierensnt  usinees  et  l*obtentlon  gdonetrlque  des  bruts  pose  an 
general  pau  da  probienaa. 

tl  faut  notar  qua  la  geoaetria  daa  plbcas  autrefois  rapresantes  sur  das  plans  de  papier,  ast 
nalntanant  ds  plus  an  plus  systematiquaaant^su  oolns  pour  Iss  pieces  ds  foroas  ooaplexes  coftiae  lee 
aubaa  -  fournia  aux  Methodas  de  Fabrication  sous  forae  nathenatlque  obtenue  dlrecteaent  dans  la 
cadre  d'un  processus  de  conception  et  de  dessln  asslste*  par  ordlnateur  (syateae  CATIA  ...)  : 
sections  definles  par  points  et  surfaces  deorites  par  des  fonctions  d* interpolation  entre 
sections,  dans  un  referential  convanu.  Las  Methodas  de  Fabrication  vont  allaa**otaes  concevolr  et 
dasslnar  las  outlllages  pour  cas  pieces  k  partlr  du  nftiie  typa  da  aethodaa  asslsteas  par  ordlna-* 
taur. 

Aux  objactlfs  concarnant  lea  pieces  ailas-oeaes.  s'ajouta  calul  da  production  econoalqua  :  11 
conduit  e  prendre  an  coapta  antra  autres  la  coQt  da  la  aatiera  aisa  en  oeuvre,  le  nosbre  et  la 
nature  des  operations  d'ateller,  leur  productlvlte  (noabre  de  pieces  dans  un  aoule  le  coQt 

das  outlllages.  Ca  dernier  point  peut  fttra  detaralnsnt  pour  I'eoonoaia  du  proc4d&  i  c'ast  le  cas 
an  forgesge  isotheraa  de  dlsquas  de  suparalllages  avac  I'utillsatlon  de  aatrlcas  en  alllages  k 
base  de  aolybdene  dont  le  coQt  d'achat  actual  est  d'environ  7*000  francs  le  dB3  ;  dans  un  tel  cas, 
le  aetteur  au  point  dolt  alors  l^^ratlveaent  definlr  une  gaaae  condulsant  e  das  solllcltat  ions 
adalsslbles  sur  ies  outlllages. 

En  touts  hypotheae.  la  alse  au  point  va  Hre  un  processus  iteratlf  coaplaxa  dans  lequal  la  DOde- 
llsatlon  paut  Stra  soiree  de  reduction  de  coOt  et  de  deials  en  peraettant  d'evlter  la  creation 
d'outlllages  Inadaptes  et  de  Halter  lea  essais  en  atelier. 

A  quelles  exigences  ooncernant  les  aodAIes  cela  condult-il  ? 


-  Coaaodlte  d*eaplol  dea  prograaoies 

Les  technicians  responsables  de  la  oise  au  point  des  pieces  n'ont  pas.  aauf  exception,  repu  da 
foraatlon  poussee  en  inforaatlque  ni  an  sciences  des  aateriaux.  Les  aodeies  devaloppes  dans  las 
organlsaes  de  recherche  doivent  souvent  Etre  revises  pour  rendre  leur  exploitation  simple  voire 
"convlviale".  Ces  caracterea  liq>liquent  : 

.  Uns  bonne  structuration  des  prograaoes  isolant  par  modules  dlstlncts  les  entries  et  sorties 
salon  leurs  fonctions  et  articulant  clalreaent  les  loglclels  d'exploitatlon  :  donn4e8  aate¬ 
riaux,  gdoaetrle.  conditions  inltiales  et  sux  llaltes  :  les  cholx  concernant  les  donn4es 
brutes  k  Stocker  dolvant  apparattre  slapleasnt  :  variables,  frequence  des  pas  de  teaps  ... 

.  des  procedures  de  dialogue  guldant  l*utllisateur 

.  des  Bodulea  de  post-tralteaent  peraettant  une  bonne  visualisation  dea  resultats  :  traceurs  de 
courbes.  coupes  de  pieces  avec  ligne  d'iso^valeurs.  perspectives... 
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-  Exlatenoe  d* Interfaces  alaplas  pour  des  aalllages  volualques 

La  pXupart  des  prograuMs  de  nod^lisation  rdaolvent  les  Equations  coaplexes  qul  r^glssent  les 
(rtidnoiibnes  pris  en  coapte  par  des  m^thodas  nua^riques  de  type  ^l^nents  finis  ou  differences 
flnLes.  Cecl  passe  par  la  creation  d*un  aalllage  de  la  piece  e  oodeilser.  La  aodeilsatlon  ne 
requlert  pas  en  general  une  precision  dans  la  definition  des  surfaces  exterieures  aussl  grande 
que  cells  dsaandee  par  le  client,  et  lee  surfaces  exterieures  peuvent  sans  donoage  6tre  assl- 
aliees  e  des  succession  de  facettes  planes.  Dans  le  cas  de  aodeies  bl-dlBenslonnels  (forgeage  de 
pieces  axlsyaetriques  par  exegple)  la  creatlo..  de  ■alllage  ne  pose  aucune  dlfficulte.  En 
revanche,  la  creation  de  Balllages  de  pieces  trldlnenslonnelles  cc^lexes  telles  que  des  aubes 
dont  les  geooetrlea  sont  ddcrltes  aatheastlquesent  est,  en  I'absence  de  nsilleurs  autonatlques. 
une  operation  extrenesMnt  lourde.  Ce  point  est  d'autant  plus  ieportant  que  les  iterations  de 
Dise  au  point  peuvent  condulre  e  r^rendre  partlellenent  lea  ■sillages  :  c'est  le  cas  en  mode* 
llsatlon  de  la  solidification  d'aubes  ou  on  est  par  exenpla  aaene  e  aodifler  le  nonbre  et  la 
position  des  attaques  de  coulee,  la  geonetrie  des  pieces,  I'esballage  local  ....  La  nodeilaatlon 
ne  peut  etre  conalderee  coone  operstlonnelle  que  si  elle  pernet  de  reallser  rapldeinent  des 
iterations,  ce  qul  exige  de  disposer  de  ^stenss  de  ■alllage  Interfaces  avec  les  prograones  de 
conception  asslates  par  ordlnateur  d*outillages. 

-  Optlalsatlon  des  algorlthmes  de  resolution 

Lea  phenonenes  nodeilses  en  forge  et  en  fonderie  sont  instatlonnalres  et  les  systenes 
d'equationa  qul  lea  regissent  non  lineaires  :  cecl  conduit  a  des  ten^s  de  calcul  et  des  coQts 
de  oodeiisatlon  eieves  t  c'est  partlculiereaent  le  cas  pour  les  aodeies  trldimenslonnels  compte 
tenu  des  geonetrles  conplexes  des  ayateaes  etudies.  Les  efforts  entreprls  pour  optialser  les 
algorlthmes  de  resolution  sont  done  &  poursuivre  vlgoureuseaent. 


5.  COMCLUSlOW 

La  revue  des  probienes  rencontres  dans  lUndustrlallaation  de  prograimes  de  modeilsation  en  forge 
et  en  fonderie  aeronautlque  Indlque  claireaent  qu'ils  sont  encore  loin  de  constituer  des  outlls 
banallses  de  aise  au  point  de  gaoaes  de  piece.  11  apparalt  d'une  aanlfere  generals  que  la  fecondite 
des  aoddles  est  en  proportion  directs  de  la  rlchesse  de  la  base  de  donnees  et  des  analyses 
physlcO'Chlffliques  qul  les  supportent.  Les  dlfflcultes  nlses  en  evidence  trouvent  leor  source  pour 
une  part  dans  la  cotnplexlte  des  precedes  &  siouler  et  pour  le  reste  dans  cells  des  geometries 
traltees.  Ce  dernier  obstacle  devralt  etre  leve  avec  le  developpenent  de  mallleura  trl'-dimenslon- 
nels  performants. 

Lea  benefices  de  la  modeilsation  Justlflent  neanmolns  dej&  largenent  lea  Investlssements  qu'elle 
represents  et  la  SNECHA  qul  travaille  dans  ce  domains  depuls  une  ddcennle  tire  largement  profit  en 
production  des  aspects  sulvants  : 

-  incltstlon  h  une  analyse  fine  des  precedes 

*  posslblllte  de  reallser  des  etudes  de  senslbllite  &  certains  des  parami^tres  de  fabrication. 

'  posslblllte  de  dlmenslonner  ou  d'optlmiser  des  equipements  (capacite  des  presses  de  forgeage. 
configuration  theroique  des  fours  de  solidification  dirlgee), 

~  moyen  efficace  pour  resserrer  et  automatlser  les  conditions  de  fabrications. 

C'est  dans  le  domalne  de  la  grosse  forge  de  pieces  axysimetrlques  que  I'integratlon  de  la  mod^- 
llsatlon  est  la  plus  avanc^e.  Les  retoa^^es  qu'elle  peroiet  d'obtenir  dans  le  dlmenslonnement  des 
matrices  la  rendent  Indispensable  dans  le  cas  du  forgeage  Isotherme. 


( 
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DOWNEES  HECESSAIRES  POUR  LES  HODELES  DE  F0R6EA6E 


1.  PREVISION  DES  ECOULEHENTS 

•  DONNfeES  THERMIQUES 

ALLIAGE  FORGE  -  Conductivite  thermique 

(base  Ti  ou  Ni) 

'  Chaleur  hassioue 
-  Emissivite  totale  ou  coefficient 

DE  TRANSFER!  THERMIQUE  AVEC  LE  MILIEU 
EXTERIEUR. 


NATERIAUX  POUR  hATRlCES  -  Idem 

(AcieR/  Base  Ni  ou  No) 

•  DONNEES  MECANlaUES 

ALLIAGE  FORGE  -  Loi  de  comportement  rheologique  plus 

SOUVENT  VISCO-PLASTIQUE  NON  COUPLEE  AVEC 
LA  MICROSTRUCTURE 


jN;;|R^^^E  piece  -  Loi  de  frottement 


2.  PREVISION  DE  LA  QUALITE  HETALLUR61QUE  DES  PIECES  P0R6EES 


mmm 


>N  DE  LA 


-  ExEMPLE  :  SEUIL  DE  RECR I  STALL  I  SAT  I  ON  t  (6) 
ET  EVOLUTION  DE  LA  TAILLE  DE  GRAIN 
AVEC  LA  MICROSTRUCTURE.  Un  COUPLAGE 
RHEOLOGIE  MICROSTRUCTURE  PEUT  ETRE  ACQUIS, 


-  CR I  TERES  D'ENDOWAGENENT 


-  Fissuration 

-  Cavitation 


RELATION  ENTR|  L  APPARITION 
DE  CES  PHEN9MENES  ET  DES 
GRANDEURS  MECANIQUES 


3.  PREVISION  DE  LA  PUREE  DE  VIE  DES  0UT1LLA6ES 


NATERIAUX  POUR  OUTILLAGES  -  Coefficient  de  dilatation 

-  Nodule  d  elastic ite 

-  Criteres  de  rupture  fragile 

-  Courses  de  fatigue  thermique 
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Figure  I  •  Grappe  de  eoulde  en  oire  perdue  inetrumentde  pour  Itx  mesure  dee 
dvolutiona  de  temperature  en  eoure  de  ooulde  et  eolidifieation. 


Figure  II  -  Coupe  miorographxque  d*une  oarapace  odramique  pour 
fonderie  de  prdeieion 
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In  leothermal  forging  the  workpiece  is  maintained  at  a  reasonably  constant 
temperature  throughout  the  deformation.  This  Involves  having  the  forging  dies  at 
the  workpiece  temperature,  and  removes  a  major  constraint  on  the  forging  process 
by  allowing  slow  deformation.  This  permits  the  forming  of  materials  considered 
difficult,  or  even  impossible,  to  forge  conventionally,  to  shapes  which  minimise 
the  aoiount  of  material  to  be  removed  in  subsequent  operations  and  with  controlled 
microatructural  development  during  the  deformation. 

Because  the  dies  must  withstand  high  temperatures  and  the  process  times  are 
long,  the  method  is  restricted  to  the  production  of  high  values  components.  This 
makes  the  process  inherently  expensive  and  so  a  reliable  simulation  is  useful  for 
process  design.  Within  certain  constraints,  mainly  those  concerned  with  adequate 
representations  of  material  behaviour,  finite  element  methods  can  provide  such  a 
simulation.  The  method  used  to  model  disc  and  blade-section  forging  within  lEPL 
is  described;  this  is  a  two-dimensional  finite  element  analysis  using  a  finite 
incremental/iterative  technique  for  elasto-viscoplastic  materials.  The  mesh  is  defined 
by  material  points,  and  can  be  readily  redefined  during  the  simulation.  Graphical 
display  of  the  material  deformation  allows  likely  problems,  such  as  poor  die  filling 
and  folding,  to  be  identified. 

The  results  of  the  modelling  can  only  be  as  good  as  the  constitutive  relationship 
assumed  for  the  material.  Experiments  using  simple  stress  state  testing  have  revealed 
that  commonly  used  relationships  are  inadequate  for  predictina  the  flow  stress  of 
important  materials.  The  type  used  in  the  modelling  described  here  attempts  an 
improved  relationship,  involving  a  structure  related  state  variable.  The  evolution 
of  this  variable  in  the  model  can,  together  with  experimental  simulations,  give  a 
reasonable  indication  of  the  development  of  microstructure  during  forging. 

Ocher  results  of  the  simulations  include  the  predictions  of  stresses  within 
the  dies,  usina  the  surface  loading  data  and  elastic  finite  element  analysis,  and 
the  forging  load  required.  The  results  can  also  be  used  with  ductile  fracture  criteria 
to  Identify  possible  cracking  problems  in  Che  workpiece. 

The  finite  element  technique  used  is  capable  of  simulating  thermomechanical 
deformations  so  that  the  effect  of  deviations  from  true  isothermal  conditions  can 
be  analysed,  and  "hot  die"  forging  simulated. 


Introduction 


Conventional  forging,  using  either  hansner  or  press,  is  a  fairly  rapid  operation. 
This  is  often  an  advantage  of  the  process  in  terms  of  cost,  and  also  allows  tooling 
to  be  used  which,  because  it  does  not  have  to  experience  the  same  temperature  as 
the  workpiece,  is  fairly  inexpensive. 

The  constraint  of  short  die  to  workpiece  contact  times  limits  the  use  of 
conventional  forging  to  certain  alloys.  This  is  often  beciuse  of  limited  ductility 
at  high  strain  rates,  or  because  the  flow  stress  within  an  acceptable  temperature 
range  would  be  too  great  at  such  rates. 

Removing  the  short  contact  time  constraint  leads  to  process  variants  where 
the  dies  are  at  the  same,  or  somewhat  lower,  temperature  than  the  workpiece.  These 
are  referred  to  as,  respectively,  isothermal  and  hot  die  forging.  As  well  as  the 
points  mentioned  above,  both  of  these  processes,  particularly  isothermal  forging, 
give  significantly  greater  freedom  in  the  amount  of  deformation  achievable  during 
a  single  forging  operation.  The  longer  process  times  and  the  need  for  the  dies  to 
withstand  loading  at  high  temperatures  means  that  the  processes  are  significantly 
more  expensive  tnan  conventional  forging,  and  because  of  this  their  application  is 
restricted  to  critical  parts,  where  the  additional  process  cost  is  justified  by  the 
increased  performance  of  the  final  part. 

With  these  processes,  with  their  high  costs  and  critical  product  applications, 
there  is  a  great  incentive  to  model  or  simulate  the  material  deformation.  All  models 
are,  of  course,  approximations,  whether  they  be  physical,  using  some  analogue  material 
such  as  wax  or  lead-tin  alloy,  or  numerical.  Numerical  models  tend  to  be  preferred 
for  many  reasons,  and  with  currently  available  digital  computers  the  finite  element 
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method  Is  in  a  dt^inant  position.  This  is  potentially  an  accurate  and  flexible 
technique  for  many  applications.  The  material  large^deformation  problem  is  however 
highly  complex  and  the  numerical  solution  significantly  more  difficult  than,  say, 
elastic  small  deformation  problems.  Despite  the  difficulties,  there  has  been  some 
success  in  applying  finite  element  techniques  to  the  forging  process. 

There  have  been  several  developments  of  the  basic  methods  of  finite  element 
analysis  in  the  metal  forming  field.  Some  developments  of  note  are  those  due  to 
Kobayashi  and  co-workersv^*^)  and  Zlenkiewicz  and  co-workers .  These  have  used 
formulations  based  on  rigid-plastic  or  rigid-viscoplastic  material  models  with 
incompressibility  enforced  by  techniques  such  as  Lagranglan  multipliers  or  penalty 
functions.  An  alternative  involves  treating  the  material  as  an  ilasto-plastic  or 
elasto-vlscoplastic  solid,  significant  advances  with  this  approach  are  those  due 
to  McMeeking  and  Rlce^^),  who  set  the  updated-Lagrangian  formulation  on  a  firm  basis, 
and  Nagtegaal  and  Veldpausf^),  whose  extension  of  that  formulation  to  larger 
deformation  steps  allowed  the  elastoplastlc  based  models  to  compete  with  the  rigid- 
plastic  based  ones,  with  some  advantage  in  fundamental  assumptions  (if  none  of  great 
significance  in  its  resultsi). 

Although  not  required  for  an  ideal  isothermal  process,  the  inclusion  of  a  thermal 
solution  linked  to  the  mechanical  one  is  an  advantage.  Deviations  from  true  isothermal 
conditions  may  occur  and  it  is  useful  to  have  the  capability  to  simulate  any  such 
occurrence.  The  provision  of  thermomechanlcal  modelling  is  necessary  for  hot  die 
simulations,  of  course.  Thermomechaniqal  formulations  have  been  reported,  for  example 
by  Zlenkiewicz,  Onate  and  Heinrich(')  with  rigid-plastic  material  models,  and  by 
Wertheimer for  the  elasto-plastic  case. 

It  is,  in  principle,  possible  to  achieve  any  degree  of  accuracy  required  using 
these  techniques,  particularly  the  elasto-plastic  based  methods.  However,  this  is 
not  the  case  because  of  two  factors.  These  are  the  material  constitutive  relationship 
and  Che  boundary  condition  modelling.  Both  the  material  and  the  die  contact  behaviours 
are  likely  to  be  complex,  and  the  degree  to  which  the  idealisations  used  in  the 
modelling  reflect  the  real  case  have  a  great  effect  on  how  useful  a  numerical 
simulation  can  be.  The  derivation  of  reasonably  representative  descriptions  of 
material  and  of  contact  surface  behaviour  is  quite  difficult,  and  some  of  the 
approximations  used  in  modelling  fall  short  of  being  adequate. 

Finite  element  modelling  has  been  adopted  within  the  INCO  Engineered  Products 
Ltd.  group  for  the  simulation  of  isothermal  forging.  The  techniques  used  are  described 
below  and  some  examples  are  given. 

Computer  Model  Unit 

The  modelling  is  performed  using  a  group  of  programs,  these  carry  out  the  actual 
finite  element  analysis  and  pre-  and  post-processing  functions.  The  finite  element 
analysis  is  two  dimensional,  and  capable  of  both  plane  strain  and  axieymmeCric 
simulations.  The  method  used  is  based  on  that  proposed  by  Nagtegaal  and  Veldpausi^/, 
being  incremental-iterative  with  an  elasto- viscoplastic  material  model.  The  finite 
strain  and  rotation  measures  are  not  calculated  as  in  (6)  but  approximately  using 
truncated  series.  Solution  within  each  finite  deformation  increment  is  found  by 
a  damped  full  Newton-Raphson  method.  Solution  of  the  linear  equations  is  by  Choleski 
LDL  decomposition,  with  skyline  storage  of  the  array.  Four  element  types  can  be 
used,  these  are  3-  and  6-node  triangles  and  4-  and  8-node  quadrilaterals.  Apart 
from  the  linear  triangle,  these  elements  are  isoparametric  with  reduced  integration. 
The  6-node  triangle  Is  now  used  exclusively.  This  element  with  reduced  (3  point) 
Integration  gives  good  results  for  near-incompressible  analysis  and,  if  triangular 
elements  are  adopted  then  simple  mesh  generation  techniques  can  be  used.  The  mesh 
generation  forms  the  core  of  the  pre-processing  operation.  In  the  method  used,  only 
the  boundary  nodes  (triangle  vertices)  need  be  defined  or  altered,  the  internal  nodes 
are  then  distributed,  depending  on  the  boundary  node  density,  within  the  boundary 
and  DeLaunay  triangulation  used  to  form  the  primitive  elements^^).  Mid-side  nodes 
are  then  added,  nodal  positions  are  refined  and  the  nodes  are  renumbered  to  minimise 
the  size  of  the  profile  of  the  linear  equations.  A  modified  reverse  Cuthi 1 1-McKee 
algorithm  is  used  for  this  renumbering.  Ic  the  preprocessing  is  a  remeshing  operation 
then  several  quantities  must  be  transferred  to  the  new  mesh.  Simple  linear  3-point 
interpolation  is  used,  as  is  common  practice. 

Other  preprocessing  operations  involve  defining  the  dies  as  polygons,  from 

fiven  design  data,  creating  the  incremental  control  data  and  forming  the  arrays  used 
or  subsequent  evaluation  of  die  stresses.  At  present  these  arrays,  which  relate 
die  point  tractions  to  surface  stresses,  are  formed  using  elastic  finite  element 
analysis,  a  possible  future  development  would  be  the  use  of  boundary  element  techniques 
for  this  linear  problem. 

Postprocessing  operations  involve  the  generation  of  graphical  output  and  the 
actual  calculation  of  die  stresses  together  with  certain  "damage  accumulation" 
quantities  in  the  workpiece.  These  latter  values  are  intended  to  be  an  indication 
of  the  likelihood  of  fracture  in  the  actual  forging,  but  this  aspect  has  received 
relatively  little  attention  by  us  so  far. 

When  non-isothermal  conditions  are  modelled,  the  thermal  and  mechanical  solutions 
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are  weakly  coupled  and  both  parta  recalculated  at  each  iteration.  Diea  are  treated 
very  approximately  as  linear  heat  ainka  and  free  aurface  loaa  ia  taken  to  be  by 
radiation.  Any  heat  due  to  deformation  ia  included,  of  courae,  and  the  properciea 
of  the  material,  including  the  thermal  valuea,  are  defined  aa  functiona  of  temperature. 
The  vlacoplaatic  deacription  of  the  material  haa  aooie  new  featurea.  The  material 
ia  aaaunwd,  aa  uaual,  to  be  laotropic  with  iaotropic  hardening  and  aaaociated  J2 
flow.  The  current  effective  flow  atreaa  waa  originally  defined  by  power  functiona 
of  total  effective  attain  and  attain  rate,  but  thia  proved  inadequate  for  any  of 
the  materiala  teated  ao  far.  Total  effective  attain  waa  removed  from  the  deacription, 
and  a  variable  uaed  which  ia  intended  to  follow  more  cloaely  the  microatructural 
chanaea  which  occur  in  hot  deformation.  The  uae  of  thia  variable  and  ita  evolution 
are  oaaed,  to  aome  extent,  on  the  work  of  lomarigeonl^^) ,  but  the  atructure  atate 
variable  haa  been  made  a  more  abatract  quantity  with  the  emphaaia  on  flow  atreaa 
prediction  rather  than  any  real  microatructural  parameter.  Typea  of  behaviour  which 
can  be  aimulated  uaing  thia  approach  are  ahown  in  Figure  1.  The  ability  of  thia 
material  model  to  follow  the  rate  change  behaviour  of  Udimet  720  nickel  alloy  ia 
ahown  in  Figure  2.  Thia  model  ia  fairly  flexible,  and  worka  adequately  for  titanium 
alloya  and  aluminium  alloya. 


FIGURE  1  Some  example  monotonic  stress- 
strain  behaviours  that  can  be 
produced  by  the  material  model 
used  in  the  finite  element 
analysis 


FIGURE  2  A  comparison  of  experimental 

(compression)  and  model  material 
behaviours;  a  rate  change  test 
on  Udimet  720 


The  friction  model  used  reflects  a  certain  ignorance  of  the  real  case.  Either 
simple  Coulomb  friction,  a  constant  thickness  viscous  layer,  or  any  combination  of 
these  two  can  be  used.  For  oioat  of  the  lubricants  used,  the  viscous  layer  model 
seems  to  work  quite  well.  The  frictional  properties  are  set  up  as  functions  of 
temperature. 

The  programmes  are  currently  run  using  a  DEC  microVAX  II  computer.  Typically, 
100-200  steps  are  taken  with  convergence  to  a  fractional  diaplaceiaent  norm  of  0.001 
occurring  in  an  average  of  3-6  iterations,  though  usually  less  and  occasionally  rather 
more,  as  ia  usual.  Despite  the  fact  that  an  elaatoplaatic  type  method  is  uaed,  the 
time  penalty  is  probably  not  significant,  as  the  linear  equation  solution  accounts 
for  about  60X  of  the  CPU  time  on  an  average  size  problem,  the  total  time  being  about 
6  hrs. 


Some  typical  examples  showing  results  of  the  modelling  are  given  below. 

ETamnlea 

Three  examples  of  axisymmetric  forging  simulations  are  given  here.  While  these 
are  fairly  representative  of  typical  practice,  none  of  these  correspond  to  actual 
forgings  produced  within  lEPL. 
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(1)  Th«  first  example  is  typical  of  the  type  of  simulation  carried  out  for  isothermal 
disc  forgings.  A  schesiatic  sectional  view  of  the  start  and  finish  configurations 
of  the  process  is  shown  in  Figure  3.  This  shape  is  somewhat  similar  to  some  compressor 
disc  forgings,  and  the  material  modal  used  was  that  for  IMI  titanium  alloy  834. 
The  predicted  monotonlc  stresa^strain  behaviour  of  this  alloy  is  shown  in  Figure 
4.  There  is  some  flow  softening  in  this  material,  particularly  at  the  higher  values 
of  Z  (the  Zener-Holloman  temperature  corrected  strain  rate). 


FIGURE  3  Schematic  diagram  of  the  initial 
and  final  configurations  for  the 
forging  of  example  disc  EXAI 


In  this  example  the  temperature  was  980^C  throughout,  and  the  top  die  was  moved 
down  at  a  decreasing  velocity.  The  total  process  time  was  2000s.  Figure  5  shows 
the  initial  mesh  and  die  profiles,  this  mesh  consisted  of  164  elements  and  had  363 
nodes.  An  intermediate  stage  is  demonstrated  in  the  next  series  of  diagrams.  The 
process  automatically  halted  at  lldOs  due  to  poor  mesh-die  fitting,  the  proportion 
of  workpiece  not  contained  had  exceeded  a  pre-set  tolerance.  The  deformed  mesh  at 
this  stage  is  shown  in  Figure  6,  this  being  the  third  mesh  as  two  remeshing  operations 
had  already  been  performed.  The  process  may  halt  for  other  reasons,  but  die/mesh 
mismatch  is  the  most  common.  The  displacement  increments  at  nodes  is  shown  in  Figure 
7,  this  type  of  plot  is  useful  for  indicating  incipient  folding  in  the  model.  The 
total  strain  is  shown  in  Figure  8,  the  hydrostatic  stress  in  Figure  9  and  the  effective 
strain  increment  in  Figure  10.  The  strain  rate  can  be  readily  related  to  this  latter 
quantity  because  the  time  step,  in  this  case  lOs,  is  known. 
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A  further  five  reneshing  operations  were  required  before  the  Btmi.iat-tnr, 
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FIGURE  13 


The  total  loads  and  maximum  strsasea  on  the  diea  are  important  to  the  forging 
design.  For  this  example  the  forging  load  and  the  maximum  tensile  stress  in  the 
bottom  die  are  shotm  in  Figure  14;  this  stress  occurring  close  to  the  innermost 
internal  radius  on  that  die.  Such  loada  and  stresses  would  be  acceptable  in  practice. 
Several  ocher  stress-derived  quantities  are  evaluated  for  the  dies  apart  from  the 
maximum  principal  value. 


FIGURE  14  The  predicted  forging  load,  and  maximum 

tensile  stress  in  the  bottom  die,  for  example 
disc  forging  EXAl 


(2>  In  the  second  and  third  examples  a  aimplc  disc  shape  is  simulated  with  both 
isothermal  and  hot  die  conditions.  A  schematic  of  the  start  and  finish  forging 
configurations  is  shown  in  Figure  IS.  The  material  aoiel  used  is  for  the  nickel 
alloy  Udimet  720,  the  predicted  aionotonic  stress-strain  behaviour  is  shown  in  Figure 
16,  and  as  with  the  titanium  alloy  there  is  flow  softening,  store  pronounced  at  higher 
Z.  In  both  of  the  following  examples,  the  initial  material  temperature  was  1100°C 
and  the  top  die  was  moved  down  at  a  decelerating  rate  with  a  total  process  time  of 
I70s,  Because  of  the  symmetry  here,  only  one  quarter  section  need  be  modelled. 
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FIGURE  16 


figure  15  Schematic  diagram  of  the  initial 
and  final  configurations  for  the 
forging  of  example  disc  EXA2 


fact  With  this  rathir  raofd  1°  i»°thermal  conditions  were  assumed, 

defor^ational  heftlne  bu?  chis'^  s  ff„nreH°K’  ’’5  ®  likelihood  of  some 

Illustrated.  tSl  deflrmed  mesh  in  pf^ure  U  «age,  at  70s.  is 

in-‘Frgire^s  J?.2*0“a%‘d"  2^-'iit^h\&“ElL  ^  iVoV^s"  sh^^^^ 

like  variable.  The  cavliy  has  very  nearly  filUd’just  Hash' ?s  "about  to%o^r““"‘ 


figure  17 


FIGURE  18 


FIGURE  19 


FIGURE  20 


FIGURE  21 


(b)  Here  the  dies  were  set  at  960°C.  Differences  in  the  deformation  compared  with 
the  isothermal  case  are  quite  apparent,  an  intermediate  stage,  at  lOOs,  produces 
the  deformed  mesh  shown  in  Figure  22,  with  strain  rates  shown  in  Figure  23.  The 
effect  of  Che  temperature  distribution.  Figure  24,  upon  Che  material  is  fairly  clear. 
As  noted  above,  there  is  some  Influence  of  deformation  heating  at  these  higher  races. 
Differences  can  also  be  seen  at  Che  assumed  end  of  Che  process.  Figure  25  showing 
the  deformed  mesh.  Here  die  filling  is  not  complete  even  after  some  flash  extrusion 
and  a  higher  billet  volume  would  be  required.  Surprisingly,  the  forging  load  for 
Che  hoc  die  forging  was  only  about  501  higher  than  for  the  isothermal  case  at  170s, 
with  similar  differences  in  maximum  die  stresses,  although  these  occurred  close  to 
the  region  where  the  hot  die  simulation  had  not  finished  filling.  There  are  marked 
differences  in  the  structural  rcflnearant  between  hot  die  and  isothermal  cases,  however. 
Figures  26  and  27  show  the  total  strain  and  structure-related  variable  distribution 
for  Che  hot  die  ease,  and  clearly  show  the  increased  varlat.'on  of  refineswnt  predicted, 
due  to  the  temperature  variation,  the  final  extent  of  which  is  given  in  Figure  28. 
If  the  structure  cannot  readily  be  adjusted  by  heat  treatment,  then  hot  die  forging 
would  be  at  a  disadvantage  in  this  respect  even  though,  with  simpler  shapes,  it  has 
advantages  in  allowing  the  use  of  cheaper  die  materials. 
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FIGURE  28 


Conclualona 


Finite  element  methods  can  provide  a  useful  means  of  simulating  the  forging 
process.  They  can  be  most  useful  in  the  esse  of  isothermal  and  hot-die  forging  of 
critical  aerospace  parts,  where  they  not  only  assist  with  aspects  of  design  such 
as  die  filling  and  loading,  but  also  with  understanding  the  development  of 
mlcroatructure  and  damage  during  the  processing,  and  evaluation  of  the  effect  of 
process  variables. 
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R.  A.  Wallia,  N«  M.  Bhathena,  P.  R.  Bhoval  and  £.  L.  RayoK^nd 
Caneron  Forge  Conpany,  P.  0.  Box  1212, 

Houston,  Tcixas  77231-1212  U.S.A. 


SUMMARY 

Quenching  experiments  have  been  carried  out  with  a  flat  disk  having  thermocouples 
embedded  in  it.  Cooling  curves  from  such  tests  have  provided  Input  data  for  an  inverse 
heat  conduction  model  which  has  been  used  to  determine  the  relationship  between  the 
heat  transfer  coefficient  and  the  part  surface  temperature  for  different  quenching 
media.  The  coefficients  obtained  have  been  used  In  finite  element  models  to  predict 
the  temperature  and  stress  distribution  within  components  during  heat  treatment.  The 
quenching  models  were  validated  by  trial:;  carried  out  with  instrumented  subscale  and 
full  size  turbine  disk  forgings. 

The  models  have  been  used  to  determine  the  quenching  media  required  to  give  the 
cooling  rates  necessary  to  meet  the  property  specifications  for  superalloy  components. 
They  have  also  been  used,  qualitatively,  to  reduce  the  residual  stresses  developed 
during  quenching  with  a  subsequent  reduction  In  distortion  problems  during  machining. 

A  further  application  has  been  the  elimination  of  cracking  during  the  quenching  of 
crack  sensitive  alloys. 

1.  INTRODUCTIOH 


Over  the  past  few  years  the  heat  treatment  of  superalloy  forgings  for  aircraft 
components  has  become  considerably  more  difficult.  The  designers  of  components  in  new 
engines  are  pushing  the  alloys  closer  to  their  maximum  attainable  strength  limits  and, 
in  an  effort  to  reduce  costs,  the  forgings  are  becoming  closer  to  net  shape. 

Increasing  the  strength  of  many  alloys,  however,  is  possible  only  by  rapidly  quenching 
a  forging  during  heat  treatment.  This  can  result  in  distortion  and  cracking  problems. 
It  is,  therefore,  becoming  vital  to  have  an  understanding  of  what  is  happening  to  the 
parts  during  heat  treatment. 

over  the  past  two  years,  Cameron  has  worked  intensely  on  developing  process  models 
to  predict  the  temperature  and  stress  distribution  in  parts  during  quenching.  The  work 
is  aimed  at  being  able  to  heat  treat  parts  correctly  (l.e.  meeting  property 
requirements  and  not  distorting  or  cracking)  the  first  time,  eliminating  the  costly  and 
time  consuming  trial  and  error  method. 

The  first  step  in  the  development  of  such  process  models  is  to  obtain  an 
understanding  of  the  heat  extraction  rates  of  the  quenchants  used. 

2,  THE  DETERMINATION  OF  THE  HEAT  TRANSFER  COEFFICIENTS  IN  QUENCH  TANKS 

A  disk  of  alloy  718  (267  mm  diameter  by  70  mm  thick)  was  fitted  with  thermocouples 
at  various  depths  from  the  surface.  The  disk  was  then  quenched  in  different  media  and 
cooling  curves  such  as  those  shown  in  Figure  1  obtained.  These  data  were  used  as  input 
into  a  finite  difference  inverse  heat  conduction  computer  program  "CONTA” ^ ,  originally 
developed  at  Michigan  State  University,  which  calculates  the  transient  surface 
temperature  of  the  disk  together  with  the  corresponding  surface  heat  flux/heat  transfer 
coefficient. 

Heat  transfer  data  for  one  type  of  oil  is  shown  in  Figure  2,  and  follows  the 
typical  trend  for  boiling  heat  transfer^*^  .  At  high  temperatures  (above  about  8S0**C) 
film  boiling  occurs  and  the  vapour  blanket  formed  on  the  surface  of  the  disk  limits 
heat  transfer.  As  the  surface  temperature  falls,  transitional  boiling  heat  transfer 
occurs  and  the  vapour  film  becomes  unstable.  The  heat  extraction  rate  in  this  region 
is  significantly  higher.  Nucleate  boiling,  characterised  by  the  rapid  formation  of 
bubbles,  appears  to  take  place  between  about  480  and  400 ”C.  The  rate  of  bubble 
generation  decreases  with  a  decrease  in  surface  temperature,  and  hence  the  heat 
extraction  rate  over  this  temperature  range  decreases  rapidly.  At  lower  temperatures 
(below  about  400*0  heat  transfer  is  by  convection  only. 

Figure  2  also  shows  that  over  the  transition  and  nucleate  boiling  regions,  the  heat 
transfer  coefficient  for  the  bottom  surface  of  the  disk  was  less  than  half  that  for  the 
top  surface.  The  disk  was  heat  treated  on  a  flat  cast  alloy  tray  38  mm  deep  and 
comprising  10  mm  wide  material  for  support  and  115  imn  square  openings.  The  support 
tray  impedes  the  escape  of  the  vapour  formed  beneath  the  disk  and  hence  heat  transfer 
from  the  bottom  surface  is  reduced.  This  phenomenon  is  important  since  the  cooling 
rate  in  the  bottom  part  of  a  forging  will  be  different  from  that  in  the  top  part.  When 
heat  treating  alloys  which  are  cooling  rate  sensitive,  this  will  translate  into 
different  property  levels  being  obtained  in  the  top  and  bottom  parts  of  a  component. 

Similar  heat  transfer  data  have  been  obtained  for  other  quenching  media,  and  for 
forced  air  cooling. 
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3.  VALIPATION  OF  FINITE  ELEMENT  PROCESS  MODELS 


As  mentioned  previously,  the  aim  of  the  programme  was  to  develop  process  models  to 
simulate  the  temperature  and  stress  distribution  within  components  during  heat 
treatment.  The  two  finite  element  programs  used  to  model  the  process  were  TOPAZ20‘^ 

(for  calculation  of  temperatures)  and  NIKE2D^  (for  c-lwalaiior*  of  stresses),  both 
developed  at  Lawrence  Livermore  National  Laboratory.  In  order  to  validate  the 
modelling  techniques,  a  series  of  tests  were  carried  out  with  instrumented  forgings. 

In  the  first  series  of  experiments,  a  small  contour  forging  (294  mm  diameter  by  88 
mm  thick)  of  alloy  718  was  fitted  with  thermocouples  and  quenched  in  different  media. 
Figure  3  shows  the  comparison  between  the  temperatures  predicted  by  the  finite  element 
model  and  the  experimental  data.  The  test  was  carried  out  from  the  arbitrarily  high 
temperature  of  1177®C  in  an  attempt  to  check  the  accuracy  of  the  model  over  the  full 
temperature  range  for  which  heat  transfer  coefficient  data  were  available.  During  the 
time  that  the  piece  is  in  transit  from  the  furnace  to  the  oil  tank  (the  first  1.3 
minutes)  heat  is  transferred  predominantly  by  radiation,  and  the  temperatures  fall 
relatively  slowly.  Shortly  after  the  forging  is  immersed  in  the  oil  tank,  however,  the 
temperatures  fall  very  quickly,  particularly  near  the  surface  and  at  the  corners  (e.g. 
point  C) .  It  may  be  seen  that  there  is  good  agreement  between  the  model  and  the 
experimental  results. 

Following  the  success  with  the  small  contour  forging,  a  series  of  tests  were 
carried  out  with  an  instrumented  full  size  turbine  disk  forging  (approximately  630  mm 
diameter  by  115  mm  thick)  made  of  alloy  901.  The  comparison  between  the  model  and 
experimental  results  are  given  in  Figure  4.  The  case  shown  is  where  the  forging  was 
heated  to  1177®r,  transferred  from  the  furnace  to  a  set  of  fans  in  0.83  minute,  forced 

air  cooled  for  2  minutes,  transferred  from  the  fans  to  an  oil  tank  in  1  minute,  and 

finally  oil  quenched.  Even  during  multiple  step  cooling,  agreement  between  the  model 
and  experimental  results  is  good. 

4,  HEAT  TREATMENT  PROCESS  MODELLING  TO  PREDICT  MECHANICAL  PROPERTIES 

In  the  past,  the  heat  treatment  of  a  new  product  was  often  done  on  a  trial  and 
error  basis.  This  method  is  clearly  time  consiuning  and  expensive.  As  a  result,  one  of 

the  early  uses  for  modelling  was  to  determine  how  a  part  should  be  heat  treated  in 

order  to  meet  the  property  requirements. 

As  an  example,  take  the  case  where  a  customer  specified  a  minimum  yield  strength 
(at  500®C)  of  1076  N/mm»  in  a  superalloy  forging.  The  first  step  in  the  process  was  to 
determine  the  cooling  rate  necessary  to  meet  this  requirement.  This  was  achieved  by 
quenching  a  small  instrumented  disk  (122  mm  diameter,  by  51  mm  thick)  in  different 
media  to  obtain  different  cooling  rates.  Disks  of  the  same  size  and  material  were  then 
quenched  and  mechanical  testing  carried  cut  or  specimens  taken  from  locations  where  the 
cooling  rate  was  known.  This  resulted  in  a  relationship  between  cooling  rate  and  yield 
strength,  as  shown  in  Figure  5.  Thus,  in  order  to  obtain  the  specified  yield  strength 
of  1076  N/mm^  it  was  known  that  the  part  must  be  cooled  at  a  rate  greater  than  about 
125*C/min. 

A  finite  element  model  of  the  forging  was  constructed,  and  used  to  determine  the 
minimum  cooling  rate  in  the  part  as  a  function  of  the  static  air  cool  time  prior  to  oil 
quenching  (i.e,,  time  from  leaving  the  furnace  to  entering  the  oil  tank)-see  Figure  6. 
Tliis  analysis  indicated  that  in  order  to  meet  the  cooling  rate/property  requirement, 
the  static  air  cool  time  should  be  less  than  90  seconds.  Stress  analyses  carried  out 
showed  that  in  order  to  avoid  quench  cracking,  the  static  air  cool  time  should  not  be 
less  than  45  seconds.  As  a  result,  it  was  decided  to  heat  treat  the  part  with  a  60 
second  static  air  cooling  period  prior  to  oil  quenching. 

Referring  to  Figure  6,  it  may  be  seen  that,  for  location  A,  the  model  predicted  a 
cooling  rate  of  135*C/min,  and  a  yield  strength  of  1080  N/mm*  for  a  60  second  static 
air  cool-oil  quench.  One  pre-production  part  was  cut  up  after  heat  treatment,  and  the 
yield  strength  was  found  to  be  1101  N/mnt^  which  is  close  to  the  model  prediction,  and 
met  the  property  specification. 

5,  REDUCTION  OF  DISTORTION/ RESIDUAL  STRESS  PROBLEMS  ASSOCIATED  WITH  HEAT  TREATMENT 

Forgings  having  thin  cross  sections  or  large  differences  in  cross  section  can 
present  distortion  problems  during  heat  treatment.  Foi  example,  a  thin  disk  made  of  a 
nickel  based  alloy  was  found  to  distort  slightly  during  the  oil  quench.  Although  the 
distortion  was  within  acceptable  tolerances,  subsequent  machining  proved  to  be 
extremely  difficult  due  to  the  disk  "springing”  as  it  was  being  machined. 

The  quenching  of  the  part  was  modelled  and  the  temperatures  shown  in  Figure  7  were 
predicted.  It  may  be  seen  that  during  transfer  from  the  furnace  to  the  oil  tank  (0  to 
0.75  minute)  the  surface  temperature  of  the  disk  falls  relatively  slowly.  As  soon  as 
the  part  is  immersed  in  the  oil  tank,  however,  the  temperatures  fall  very  rapidly. 
Within  15  seconds  of  entering  the  oil  tank,  points  A  and  C  have  fallen  over  500*C. 

Point  B  does  not  cool  down  quite  as  quickly  since  it  is  located  on  the  bottom  surface 
of  the  disk  (the  heat  extraction  rate  is  lower  on  the  bottom  surface,  see  section  2), 
and  at  a  point  where  the  section  size  is  relatively  thick.  The  center  of  the  disk, 
point  D,  cools  much  slower  than  the  surface,  and  a  temperature  difference  of  over  550"C 
develops  in  the  part  shortly  after  entering  the  tank. 


A  thermal-stress  analysis  was  carried  out  on  the  disk  and,  as  shown  in  Figure  8, 
the  effective  (von  Mises)  surface  stresses  rise  rapidly  as  soon  as  the  disk  enters  the 
oil  tank.  Within  seconds  of  entering  the  tank  (at  a  time  when  the  temperature 
difference  in  the  part  is  increasing)  stresses  over  800  N/mm^  develop.  The  stresses 
then  slowly  fall  as  the  whole  part  cools  down.  Unfortunately,  at  the  time  of  this 
investigation,  data  were  not  available  to  carry  out  a  full  elastic-plastic  analysis,  so 
the  stresses  shown  are  purely  elastic.  However,  examination  of  elevated  temperature 
tensile  data  indicated  that  just  after  the  part  entered  the  tank,  when  the  stresses 
were  rising  rapidly,  the  elastic  limit  was  exceeded  at  high  temperature  and  plastic 
deformation  took  place.  Hence,  at  the  end  of  the  quench  there  were  residual  stresses 
present  in  the  part.  Subsequently,  when  the  part  was  being  machined,  and  a  surface 
layer  of  material  removed,  the  part  "sprung"  on  the  machine  in  an  attempt  to  attain 
stress  equilibrium. 

Previous  work  on  this  particular  alloy  revealed  that  the  cooling  rate  attained  by 
oil  quenching  was  considerably  quicker  than  needed  to  meet  the  property  specification. 
Herce  a  simulation  was  carried  out  with  the  part  being  forced-air  cooled.  The  model 
predicted  that  the  cooling  rate  required  to  meet  properties  could  be  achieved  by  forced 
air  cooling.  The  peak  stresses  generated  during  forced-air  cooling,  see  Figure  9,  were 
calculated  to  be  around  350  N/mm*,  or  half  those  developed  during  oil  quenching. 
Furthermore,  the  rise  in  stresses  was  calculated  to  be  much  slower,  resulting  in  lower 
stresses  at  any  given  temperature.  It  was  therefore  concluded  that  if  plastic  flow  did 
occur  during  forced-air  cooling,  the  residual  stresses  would  be  very  much  lower  than 
those  experienced  from  oil  quenching. 

Following  the  modelling  work,  a  trial  was  carried  out  with  a  production  disk  using 
an  expeiimental  forced-air  cooling  system.  A  subsequent  cut  up  test  revealed  that,  as 
predicted,  the  property  requirements  could  be  met  by  forced-air  cooling.  A  small 
number  of  parts  were  then  similarly  heat  treated  and  these  were  machined  without  any 
distortion  problems.  A  production  cooling  system  was  then  designed,  see  Figure  10,  to 
give  the  same  heat  extraction  rates  used  on  the  test  rig  and  in  the  model. 

6.  ELIMINATION  OF  QUENCH  CRACKING  PROBLEMS  USING  PROCESS  MODELS 

In  the  design  of  new  engine  components,  alloys  are  being  pushed  closer  to  their 
strength  limits.  High  strength  is  being  attair^ed,  in  part,  by  quenching  forgings  to 
give  fast  cooling  rates.  However,  there  is  a  limit  to  how  fast  a  particular  alloy  can 
be  quenched  before  it  will  crack.  Today,  we  have  reached  this  limit  on  several  of  the 
superalloys,  and  part  geometry,  which  can  influence  cracking,  is  becoming  an  important 
factor  in  developing  heat  treatment  practices. 

As  an  example,  consider  the  heat  treatment  of  the  superalloy  turbine  disk  forging 
shown  in  Figure  11.  In  order  to  attain  the  desired  mechanical  properties  the  disk  had 
to  be  rapidly  quenched.  Finite  element  models  were  used  to  determine  the  effect  of 
part  orientation  on  the  stress  levels  attained  during  an  oil  quench.  Figure  11  shows  a 
plot  of  the  stress  developed  at  a  certain  point  on  the  forging  during  the  quench  versus 
the  temperature  at  which  that  stress  occurs.  With  the  part  quenched  in  position  1  (see 
Figure  11),  point  1  was  found  to  be  the  critical  location  on  the  disk.  It  may  be  seen, 
however,  that  the  stress  never  exceeds  the  ultimate  tensile  strength  (UTS)  of  the 
material.  Below  about  790®C,  the  yield  point  of  the  material  is  exceeded  which  will 
lead  to  localised  plastic  deformation  occurring  and,  hence,  residual  stresses  will  be 
present  in  the  part  after  the  quench.  The  local  yielding  does  not  mean  that  the  part 
will  crack  at  point  1,  however,  since  the  material  has  reasonable  ductility  over  the 
temperature  range  at  whi'^h  it  occurs. 

The  stresses  developed  in  the  disk  when  quenched  in  position  2  (upside  down 
relative  to  position  1)  is  also  given  in  Figure  11.  In  this  case,  point  2  becomes  the 
critical  location  in  the  part,  and  it  may  be  seen  that  the  UTS  of  the  material  is 
exceeded  over  the  950  to  650®C  temperature  range.  Thus,  the  disk  would  be  expected  to 
crack  at  point  2  when  heat  treated  in  the  second  position. 

The  accuracy  of  the  models  was  verified  when  several  disks  were  heat  treated  in 
position  1  without  cracking.  Three  disks  were  heat  treated  in  position  2  and  all  three 
cracked  at  the  location  indicated  by  the  model. 

7.  CONCLUSIONS 


Alloys  for  the  aerospace  industry  are  being  pushed  to  their  strength  limits  by 
aircraft  engine  builders.  Ihis  translates  into  the  processing  window  for  heat 
treatment  of  forgings  becomii  c  narrow.  The  parts  must  be  cooled  rapidly  in  order  to 
meet  the  required  property  specification,  but  quenching  too  fa:5t  can  result  in 
distortion  problems  both  durin f  Quenching  and  subsequent  machining.  In  extreme  cases 
the  parts  may  crack. 

Process  models  are  now  available  which  allow  the  temperature  and  stress 
distribution  within  a  part  during  quenching  to  be  predicted.  These  are  proving  to  be 
very  accurate  and  hence  extremely  powerful  tools  that  will  enable  the  industry  to  get 
the  most  out  of  the  existing  superalloys.  They  will  be  a  vital  part  of  the  current 
drive  to  produce  near  net  shape  forgings  with  reduced  lead  time  from  engine  design  to 
the  production  of  useable  hardware. 
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FIGURE  I,  Cooling  Curves  from  Oil  Quenched  Instrumented  Disk 
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FIGURE  3,  Comparison  BstwNn  Calculated  and  Measured  Temperotures 
During  Oil  Quenching  of  a  Contour  Forging 


FIGURE  5,  Effect  of  Cooling  Rote  on  Yield  Strength 
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FIGURE  II,  Stress-Temperature  Plot  for  Turbine  Disk  During  Quenching 
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14.  Abstract 


In  recent  years  there  has  been  a  signiricant  increase  in  the  effort  of  developing  process  models  for  I 
aerospace  materials.  Many  factors  have  been  responsible  for  this.  Aerospace  materials  technology  isl 
changing  very  rapidly  with  the  introduction  of  expensive  and  sophisticated  materials.  In  addition  the ! 
shorter  life  cycle  from  design  to  application  is  inconsistent  with  the  traditional  trial-and-error  I 
approaches  formerly  used. 

The  individual  papers  of  the  meeting  cover  developments  on  analytical  process  modelling  to  lower 
costs  and  increase  reliability  in  manufacture  of  components. 

The  meeting  concentrated  on  the  modelling  of  the  behaviour  of  metallic  materials,  particularly  the 
forming  of  components  such  as  ca.stings  and  forgings,  .  [ 
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